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 Abbreviations and symbols 
Aw Integrated  peak area of water protons in the T2 distribution 
ARG Appropriate Receiver Gain 
C Concentration 
CLSM Confocal Laser Scanning Microscopy 
CPMG Carr Purcell Meiboom Gill  
Cryo-SEM Cryo-Scanning Electron Microscopy 
De  Effective diffusion coefficient in the external water phase 
Ds Free self-diffusion coefficient of water 
D1 Diffusion coefficient in the 1st pool 
D2 Diffusion coefficient in the 2nd pool 
D3 Diffusion coefficient in the 3rd pool 
EV Enclosed water Volume fraction  
FC Fast Cooled 
FW Free Water fraction 
g Acceleration due to gravity  
G Gradient strength (T/m) 
Gd-DTPA Gadolinium diethylenetriaminepentaacetic acid 
HLB  Hydrophilic-lipophilic balance  
Hoso High Oleic Sunflower Oil 
HR-NMR High-resolution NMR 
I  Echo Intensity  
I0 Echo Intensity at zero gradient applied  
ILT Inverse Laplace Transformation 
k Coalescence rate 
kb Boltzmann constant (1.381·10-23 J/K) 
LR-NMR Low-resolution NMR 
m Mass  
MCFW Murday Cotts model including a quasi free diffusing water compartment 
MCT Medium Chain Triglyceride 
NMR Nuclear Magnetic Resonance 
NC Non-Cooled 
OAP centrifuged Outer Aqueous Phase of a W/O/W emulsion 
Oh Hoso-based oil phase 
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Os Soft PMF-based oil phase 
O/W Oil-in-Water emulsion 
p1 Water volume fraction in the 1st pool 
p2 Water volume fraction in the 2nd pool 
P Pressure  
Pf Pfeuffer model 
PfFW Pfeuffer model including a quasi free diffusing water compartment 
pfg Pulsed field gradient 
PGPR Polyglycerol polyricinoleate 
PGSTE Pulsed gradient stimulated echo  
PLM Polarized Light Microscopy 
R Gas constant (8.314 J· K-1 ·mol-1) 
R2 Determination coefficient 
R00 Geometric mean radius of the lognormal number-weighted droplet radius 
distribution 
R20 Surface-equivalent mean radius 
R30 Volume-equivalent mean radius 
R32 Sauter mean radius 
R33 Geometric mean radius of the lognormal volume-weighted droplet radius 
distribution 
R43 
 
Arithmetic mean radius of the lognormal volume-weighted droplet radius 
distribution 
RD Relaxation Delay  
RG Receiver Gain 
RMSE Root mean squared error 
RTD Resistance Temperature Detector 
rpm Rotations per minute 
SC Slowly Cooled 
SFC Solid Fat Content 
SSE Sum of Squared Errors 
t Time 
T Temperature 
T1 Longitudinal (spin-lattice) relaxation time 
T2 Transverse (spin-spin) relaxation time  
TAG Triacylglycerol 
TMACl Tetramethylammonium chloride 
Soft PMF Soft Palm Mid Fraction 
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WPI Whey protein isolate 
W1 Internal water phase 
W2  External water phase 
W/O Water-in-Oil emulsion 
W/O/W Water-in-Oil-in-Water emulsion 
  
  
  
γ Gyromagnetic ratio (2.675 · 108 s-1·T-1 for protons) 
γ Interfacial tension (N/m) 
δ  Gradient pulse duration (s) 
δ  Chemical shift (ppm) 
∆ Diffusion delay 
η Viscosity  
Λ Permeation controlled Ostwald ripening rate 
πi Osmotic pressure of the inner water phase 
πe Osmotic pressure of the outer water phase 
∆π  Osmotic pressure gradient πi – πe  
ρ Density 
σ Arithmetic standard deviation of the lognormal volume-weighted droplet radius 
distribution 
σg Geometric standard deviation of the droplet radius distribution 
τ1 Mean residence time of water in the 1st pool 
τ2 Mean residence time of water in the 2nd pool 
ϕ Volume fraction 
ω Molecular diffusion controlled Ostwald ripening rate 
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1.1 W/O/W technology 
Globally, the prevalence of obesity and overweight increases due to an increased consumption of 
energy dense foods and a decrease in physical activity. It has been shown that the incidence of 
some chronic diseases such as diabetes, some cancers and cardiovascular diseases increase with 
increasing body mass index (WHO, 2015). Since most food emulsions are characterized by a 
substantial fat content, fat reduction might contribute to the creation of healthy foods. However, 
this is challenging from a technological point of view. Fat imparts often a pleasant taste to food. 
Also the functional properties of some food emulsions are connected with the fat content. Thus, 
the viscosity of dairy cream, the rheology of cold sauces (such as mayonnaise) and the texture of 
fresh cheese all depend on the volume fraction of fat or oil droplets. At present, the most widely 
used approach for producing reduced fat products is the application of fat replacers. On the one 
hand, a combination of these compounds is needed to mimic the texture, taste, stability and 
appearance of the original product. On the other hand, some fat replacers might cause 
gastrointestinal problems and interfere with nutrient or drug utilization (McClements and 
Demetriades, 1998; Sandrou and Arvanitoyannis, 2000). In addition, they may badly affect 
functional properties, such as whipping of cream. 
Addition of health improving ingredients might also serve the same goal of creating tasty and 
healthy foods. However, a lot of these nutraceuticals are characterized by a limited stability 
and/or a deviating taste. These problems may be overcome by encapsulation.  
Both fat reduction and encapsulation may be accomplished by preparation of water-in-oil-in-
water double emulsions (W/O/W). W/O/W double emulsions consist of small water droplets 
dispersed in larger oil globules (i.e. so-called multiple droplets), which are themselves dispersed 
in an aqueous continuous phase (Fig. 1.1). As such, a given volume fraction at a lower fat content 
can be obtained, offering the potential to prepare oil-in-water (O/W) emulsions with a reduced fat 
content (e.g. light whipping cream and light mayonnaise). As the inner water phase of the 
W/O/W emulsion (or multiple emulsion), is physically separated from the external water phase 
by means of an oil phase, it also allows to incorporate a mix of non-compatible substances (e.g. 
protease and other proteins) in a single product. In addition, the inner water phase of the W/O/W 
emulsion allows to encapsulate (and release) water soluble ingredients in emulsions with an 
aqueous continuous phase, e.g. nutritional and odorous compounds can be entrapped (Márquez 
and Wagner, 2010).  
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1.2 Preparation of W/O/W emulsions 
W/O/W emulsions can be produced in a one-step or a two-step preparation process, whereby the 
latter method is more common for food applications. The two-step process (Fig. 1.1) consists of a 
first emulsification step at high shear forces and a second step at lower shear forces, resulting in a 
primary W1/O-emulsion and W1/O/W2-emulsion, respectively.  
 
 
Fig. 1.1: Scheme of the preparation of a W/O/W emulsion. 
 
 
The preparation of a W/O/W emulsion requires a low-HLB emulsifier for stabilization of the 
W1/O interface and a high-HLB emulsifier for stabilization of the O/W2 interface (Garti et al., 
1994).  
Evaluation of the type of double emulsion can be done by dilution with water. Water will not be 
miscible with an O/W/O-emulsion, whereas the reverse is true for a W/O/W emulsion. 
Alternatively, a water soluble compound, e.g. methylene blue, can be added to the double 
emulsion, followed by visual evaluation of the miscibility and/or microscopic investigation. 
Addition of methylene blue to a W/O/W emulsion colors the sample blue, whereas no effect on 
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the color is expected for an O/W/O-emulsion (Tirnaksiz and Kalsin, 2005). Emulsion type 
evaluation can also be performed by conductivity measurements (Bouyer et al., 2012). 
 
1.3 Characterization of W/O/W emulsions 
1.3.1 Encapsulation efficiency  
The effectiveness of preparation of a W/O/W emulsion can be characterized by the so-called 
encapsulation efficiency or yield of species. Depending on the desired application, water and 
water soluble compounds can be entrapped in the inner water phase. 
The yield of entrapped species is defined as the percentage of species originally present in the 
aqueous phase of the primary emulsion that remains entrapped in the internal aqueous phase of 
the final W/O/W emulsion.  
The encapsulation efficiency is influenced by the conditions during emulsification (i.e. 
formulation aspects and processing conditions) and the factors affecting the release of internal 
water (e.g. composition of the oil phase and interface) (Lutz et al., 2009). It often comes down to 
finding the right balance between desired characteristics and stability.  
 
1.3.1.1 Yield determination of entrapped water soluble compounds  
Water soluble markers are added to the inner water phase (W1-phase) and detected in the W2-
phase. The available methods can be subdivided into separation and non-separation methods. In 
the former case, the composition of the serum phase is determined, which may be obtained by 
centrifugation or dialysis. As such, salts, vitamins, drugs or dyes can be detected by 
conductometry, specific ion determination (such as flame atomic absorption spectroscopy), 
spectrophotometry or fluorimetry (Table 1.1). Non-separation methods include glucometry or 
pulse polarography (Table 1.1).  
Hereby, the migration of species depends on the multiple emulsion droplet size, as well as its 
solubility and diffusivity in the oil phase (Sela et al., 1995). In that regard, there might be a 
discrepancy in behavior of water molecules and marker compounds following the preparation or 
storage of double emulsions. Hence, the yield of entrapped marker compounds might not reflect 
the yield of water and vice versa. 
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Table 1.1: Overview of different markers and techniques of detection. 
 
Reference Marker in W1 Measurement 
Sela et al., 1995 
  
  
2 wt% NaCl/NaF/NaBr/NaI  Conductometry  
 1 wt% ephedrine HCl  2 wt% KNO3  
   
Lutz et al., 2009 4.4 wt% NaCl  
15 wt% Na ascorbate 
Conductometry  
   
Lindenstruth and Müller, 
2004a 
0.5 %(w/v) Na diclofenac  HPLC after ultrafiltration 
   
Frasch-Melnik et al., 2010 1.6 wt% KCl  Conductometry  
   
Benichou et al., 2007 
  
2 wt% glucose  
11 wt% vitamine B1 
Glucometry 
Differential pulse polarography 
   
Tirnaksiz and Kalsin, 2005 
  
1.5 wt% caffeine  
 
0.03-0.3 wt% NaCl  
Spectrophotometry (271 nm) 
after dialysis 
Conductometry  
   
Wolf et al., 2009 0.02 wt% vitamin B12 Spectrophotometry (361 nm) 
after centrifugation and filtration  
 
 
1.3.1.2 Water yield determination 
A few methods have been described to determine the water yield. Pays et al. (2002) determined 
the water yield by measuring the volume fraction of water droplets in the oil globules. Hereby, 
the Stokes equation enabled the deduction of the average density of the oil globules (ρg) by 
measuring the creaming velocity and oil globule diameter. As such, the internal droplet volume 
fraction inside the oil globules (ϕi) could be determined from ρg = ρwi · ϕi + (1- ϕi)· ρo where ρwi 
is the density of the internal water phase and ρo is the oil density. However, the Stokes equation 
only holds for very dilute emulsions whereby interdroplet interactions may be neglected. 
Also Yan and Pal (2001) estimated the internal water volume fraction ϕi,t based on the globule 
diameter D of an osmotically swollen W/O/W emulsion using ϕi,t = 1 – (1- ϕi,0)∙ 1/(S3t), where St 
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is the swelling ratio of the multiple droplet, which is equal to Dt/D0, where Dt,0 is the globule 
diameter at time t or t=0, respectively.  
Alternatively, the water yield can be determined from the estimated water content of the water-
filled oil globules by a microwave method (Akhtar and Dickinson, 2001). Hereby, the double 
emulsion is centrifuged and the resulting cream layer is microwaved. Interstitial water present in 
the cream layer is corrected for by subjecting an O/W emulsion to identical settings. 
Nevertheless, this method is destructive and only applicable provided that the oil phase is not 
(partly) volatile. 
 
1.3.2 Droplet size distribution  
Most double emulsions are very polydispersed, the range of the size of multiple globules has 
been reported to be between 2-5 µm and 15-50 µm, containing a few and 50-100 water droplets, 
respectively. In this regard, three classes can be distinguished: type A, B and C (Fig. 1.2), 
differing in the amount of water droplets entrapped in the multiple droplet (Garti and Bisperink, 
1998). 
 
 
Fig. 1.2: Three different types of entrapment of water droplets in the multiple droplet (Garti and 
Bisperink, 1998). 
 
The inner water droplet size and the multiple droplet size can be influenced by the emulsion 
composition, i.e. the phase volume fractions, the composition of the interface (see section 1.4.1), 
the composition of the bulk phases and their viscosity ratio, as well as by process conditions (see 
section 1.5) (Weiss and Muschiolik, 2007). Concerning the viscosity of emulsions, it is well 
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known that a small viscosity ratio of the dispersed and continuous phase (between 0.05 to 5) 
favors the formation of smaller droplets (McClements and Rao, 2011). The bulk lipid phase 
composition has been reported to influence the oil globule size more pronouncedly than the 
internal water droplet size (Weiss and Muschiolik, 2007).  
Droplet growth can originate from Ostwald ripening (either diffusion-controlled or permeation-
controlled, see section 1.6.1.1) or droplet coalescence (see section 1.6.2). It deserves to be 
mentioned that an intermediate mechanism of droplet coarsening for 1:99 alkane-in-water 
emulsions stabilized by non-ionic surfactants was recently described by Roger et al. (2015). This 
so-called contact ripening mechanism occurs under conditions at which Ostwald ripening and 
droplet coalescence are hindered by addition of continuous phase insoluble molecules to the 
dispersed phase, as well as by protection of the droplets by strong monolayers of non-ionic 
surfactants, respectively. During contact ripening, fast molecular exchange across the locally 
thinned droplet-droplet interface occurs upon droplet collision. However, contact ripening is 
closely related to permeation-controlled Ostwald ripening, which was described for 78:22 alkane-
in-water emulsions (Schmitt et al., 2004). Permeation-controlled Ostwald ripening was thought to 
occur through direct contact of the droplets, formation of reversible holes in the thin droplet 
separating films and by permeation across the surfactant films. 
 
1.3.2.1 Droplet size distribution determination  
The multiple droplet size can be determined by microscopy (Schuster et al., 2012), Coulter 
Counter (Garti et al., 1994), static light scattering (laser diffraction) (Surh et al., 2007; Qi et al., 
2011). 
The inner water droplet size can be determined by particle size determination of the W/O 
emulsion before mixing with the W2-phase by dynamic light scattering (Surh et al., 2007), laser 
diffraction, ultrasonic attenuation, confocal laser scanning microscopy (Schuster et al., 2012) or 
pulsed field gradient NMR diffusometry (Wolf et al., 2009). 
Methods applicable directly on the W/O/W emulsion include 3D cross-correlation dynamic light 
scattering (Mezzenga et al., 2004) and pulsed field gradient NMR diffusometry (Guan et al., 
2010). 
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1.4 Formulation aspects  
1.4.1 Composition of the interface 
Interfacial active compounds can increase the kinetic stability of the emulsion. A literature 
overview of commonly applied emulsifiers, as well as stabilizers, is summarized in Table 1.2.  
 
Table 1.2: Overview of applied emulsifiers and stabilizers during preparation of W/O/W 
emulsions. 
 
W1 phase Oil phase W2 phase Reference 
Bean phospholipids 
and gelatin 
Span 80 in medium-chain 
triglycerides  
Tween 80 and glucose 
 
Qi et al., 2011 
 
CaCl2, CaCO3 or Ca 
lactate 
PGPR in sunflower oil 
 
Xanthan gum in soy milk 
 
Márquez and 
Wagner, 2010 
Gelatin 
 
PGPR in pure vegetable oil Xanthan gum, 2-(dodecyloxy) 
ethanol and sugar 
Guan et al., 2010 
Glycerol and 
glucose 
Glycerol mono-oleate or PGPR in 
median-chain triglyceride  
WPI and/or xanthan  Benichou et al., 
2007 
KCl 
 
 
PGPR and/or saturated 
monoglycerides and tripalmitate in 
sunflower oil 
Na caseinate and glucose or 
NaCl 
 
Frasch-Melnik et 
al., 2010 
 
Na caseinate PGPR in soybean oil Na caseinate Su et al., 2006 
NaCl 
 
PGPR in sunflower oil 
 
Glucose and Tween 20 
 
Pawlik et al., 
2010 
NaCl 
 
 
Hexaglyceryl condensed 
polyricinoleate in medium-chain 
triglycerides 
NaCl and polyoxyethylene 
hydrogenated castor oil-60  
 
Hino et al., 2001 
 
 
NaCl and gelatin  
 
PGPR in canola oil 
 
Tween 80 
 
Sapei et al., 2012 
NaCl and gelatin PGPR in pure vegetable oil Tween 20 Wolf et al., 2009 
NaCl and gelatin PGPR in medium-chain triglycerides 
or fat hardstocks 
WPI and/or alginate solution Weiss et al., 2005 
NaCl and gelatin 
 
PGPR in median-chain triglyceride 
  
Na caseinate or Na caseinate-
maltodextrin 
O'Regan and 
Mulvihill, 2010 
NaCl and glucose 
 
PGPR in median-chain triglyceride or 
R-limonene 
WPI and pectin  
 
Lutz et al., 2009 
NaCl and glucose 
 
PGPR in sunflower oil 
 
Gum arabic, xanthan gum, D-
glucose  
Leal-Calderon et 
al., 2012 
 
There are two main groups of emulsifiers that can be classified upon molecular mass: the low-
mass and high-mass surfactants. Low-mass surfactants cover mono- and diglycerides, lecithins, 
glycolipids, sorbitan esters, fatty alcohols (fatty alcohol ethoxylate and alkylpolyglucosides) and 
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fatty acids (unsaturated oleic acid, polyunsaturated linoleic acid, saturated palmitic, stearic and 
myristic acid) (McClements and Rao, 2011). Examples of high-mass surfactants are proteins and 
polysaccharides (gum arabic, chemically modified starch or cellulose derivatives, e.g. 
hypromellose, fenugreek gum and acetylated sugar beet pectin).  
The molecular mass of the emulsifier determines their interfacial adsorption rate and hence, the 
effectivity of reducing the droplet size. Small molecule surfactants are more effective at forming 
small sized (nano) emulsions due to their fast (i.e. seconds) interfacial adsorption (McClements 
and Rao, 2011; Dickinson, 2011; Bouyer et al., 2012). On the other hand, proteins and 
polysaccharides result in a smaller reduction of the droplet size of the O/W emulsion and the 
steady state is reached after hours or days (Bouyer et al., 2012). Consequently, protein stabilized 
nano-sized emulsions require high-energy devices (McClements and Rao, 2011). High-mass 
surfactants can stabilize the double emulsion by their interfacial activity, depletion stabilization 
by non-adsorbing macromolecules that prevent droplet collision, by electrostatic repulsion of the 
droplets, by steric stabilization due to hydrophobic interactions (Benichou et al., 2004), by 
changes in the bulk viscosity and by changes in the interface viscosity or elasticity (Bouyer et al., 
2012). 
It is worth mentioning that the water-oil interface can also be stabilized by Pickering particles, 
which can provide emulsions with long-term coalescence stability. In practice, nanoscale 
particles are needed for submicron emulsion droplets since their average size should be at least an 
order of magnitude smaller than the emulsion droplet size. The difference between Pickering 
emulsifiers and proteins relies in the fact the former compounds remain insoluble and that their 
structure remains intact over the lifetime of the emulsion system (Dickinson, 2012). Examples of 
O/W Pickering stabilizers are cellulose nanocrystals (850 x 10 nm), flavonoid (tiliroside) 
particles (~100 nm) and chitin nanocrystals (240 nm x 20 nm) (Pichot et al., 2009). Examples of 
W/O Pickering stabilizers are saturated monoglycerides (e.g. glycerol monostearate), paraffin 
wax crystals, wax microparticles and hydrophobized microfibrillated cellulose (Dickinson, 2012). 
The proper selection of the emulsifiers in the preparation of W/O/W emulsions will depend on 
the emulsification step and on the selected oil type (Surh et al., 2007). Garti and Aserin (1996) 
reported that stable double emulsions are obtained by the use of an inner hydrophobic emulsifier 
in great excess (10-30 wt% of the W/O-emulsion) and an external hydrophilic emulsifier in lower 
concentrations (0.5-5 wt%).  
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Increasing the hydrophobic emulsifier concentration should be avoided because it might be 
transported to the O/W2 interface (Weiss and Muschiolik, 2007) and enhance the solubilization of 
water soluble compounds, which might break the double emulsion upon storage (Iancu et al., 
2009; Garti et al., 1994; Dickinson, 2011). On the other hand, water permeation through the oil 
layer has been reported to decrease if the oil soluble surfactant Span 80 was present in high 
concentrations (10 to 50 wt% of the oil phase) in virtue of the resulting high viscosity in the oil 
phase (Wen and Papadopoulos, 2000a). 
The low-mass surfactant polyglycerol polyricinoleate (PGPR), a synthetic oligomer, has been 
demonstrated to be highly effective in long-term stabilization of the primary W/O emulsion, 
albeit compounds that can reduce or even eliminate the use of PGPR are highly desired for three 
reasons: its less clean label image, its unpleasant off-taste at concentrations of 5-10 wt% 
(Dickinson, 2011) and application regulations for food use (allowed in low-fat formulations with 
41% fat or less, Pawlik et al., 2010). Pawlik et al. (2010) showed that 2.3 wt% PGPR gave a full 
interfacial coverage of the W/O emulsion of 30 wt% water with small droplets (< 1 µm).  
Increasing the concentration of the external hydrophilic emulsifier above a certain threshold 
concentration should be avoided because it might result in lower encapsulation efficiency, due to 
an excess of osmotic pressure in the outer water phase and the formation of reversed micelles that 
pump the hydrophobic surfactant into the W2-phase (Shima et al., 2004; Bibette et al., 1999).  
 
 
1.5 Process conditions 
Different mechanical devices (e.g. microfluidization, ultrasonication, rotor-stator, membrane 
emulsification) can be applied for preparing emulsions, all of which have droplet formation and 
disruption in common (Schubert and Engel, 2004). The higher the specific volumetric energy 
input or energy density during emulsification, the smaller the droplets (Jafari et al., 2007). 
However, intense mechanical stress in the second emulsification step of the preparation of 
W/O/W emulsion is detrimental for the encapsulation efficiency.  
High temperatures during emulsification reduce the emulsion viscosity, interfacial tension and 
Laplace pressure, facilitating droplet break-up, albeit compound migration might be stimulated 
(De Cindio and Cacace, 1995; Jafari et al., 2007). During storage, it is beneficial to cool down the 
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emulsion to decrease the droplet collision frequency and hence, decrease the recoalescence of 
droplets (Jafari et al., 2007).  
 
 
1.6 Stability of W/O/W emulsions  
Commercial application of multiple emulsions is limited by their thermodynamic instability 
(Ursica et al., 2005), which is caused by the large surface free energy between fat and water. 
Hence, emulsions will strive to lower the interfacial free energy by minimization of the contact 
area between the phases until water is completely separated from the fat phase (Jiao and Burgess, 
2008; Goff, 1997). Microscopic destabilization of a double emulsion (Fig. 1.3a) can occur by 
diffusion of compounds (see section 1.6.1) or by droplet coalescence (see section 1.6.2). The 
macroscopic destabilization can occur simultaneously (Fig. 1.3b) and is discussed in section 
1.6.3. 
Muschiolik et al. (2006) defined long-term stability of double emulsions as a period of at least 12 
months. A high yield of the W1-phase, no phase alteration and no phase separation during 8 
month at +7 °C are the characteristics of a double emulsion with high storage stability.  
 
 
a b 
Fig. 1.3: (a) Overview of the possible destabilization mechanisms in W/O/W emulsions 
(Mezzenga et al., 2004). (b) Microscopic and macroscopic destabilization mechanisms of an O/W 
emulsion (Bouyer et al., 2012). 
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1.6.1 Diffusion mechanisms 
Diffusion of water might be desired for osmotic pressure tailoring of the W/O/W emulsion (Leal-
Calderon et al., 2012). Muschiolik et al. (2006) postulated that in order to obtain multiple 
emulsions with a high yield and low release of encapsulated substances, the osmotic gradient 
between the two aqueous phases had to be adjusted to an optimum level, i.e. πi = πe + 
(R·T·[ρ·180-200 mOsmol/kg]). CNRS (1999) applied an osmotic pressure gradient of (R·T·240 
mOsmol/kg) for preparation of a multiple emulsion containing hydrophilic lecithin and 
electrolyte (mono and divalent salts or sugars) and/or thickener (FR 2 766737-B1, 1999).  
However, the diffusion of species might also decrease the shelf life of the double emulsion. The 
driving force is a concentration gradient, aiming at equilibration of the concentrations (Herzi et 
al., 2012). Besides molecular diffusion, the diffusion of species can be facilitated in the presence 
of emulsifiers (Fig. 1.4) (Benichou et al., 2004; Garti, 1997). 
Reverse micelles are formed in the oil phase of a W/O/W emulsion in the presence of 
hydrophobic and hydrophilic surfactants, such as Span and Tween, respectively (Fig. 1.4a). The 
reverse micelle-assisted diffusion process requires an oil layer thickness larger than 10 µm (Yan 
and Pal, 2001), whereby it is strongly impeded when the oil layer is extremely thin (< 1 µm) 
(Muschiolik, 2007). 
 
Fig. 1.4: Schematic representation of three transport mechanisms of water in double emulsions; 
(a) transport via reverse micelles, (b) transport through thin lamellae, (c) water transport via 
hydrated surfactants (Benichou et al., 2004). 
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The reverse micellar transport of species strongly depends on the polarity and molecular mass of 
the species and surfactant type and concentration (Bjerregaard et al., 1999a). This type of 
transport has not yet been described for polymeric surfactants (e.g. Bovine Serum Albumin) (Sela 
et al., 1995; Benichou et al., 2007). The rate of solubilization of species in reverse micelles can 
be reduced by complex formation of hydrophobic surfactants and biopolymers at the inner W/O-
interface (Bibette et al., 1999). 
Formation of transient holes in thin liquid films between the inner water droplet and the globule 
surface is shown in Fig. 1.4b. The stability of the oil film can be improved by increasing the 
concentration of the hydrophobic surfactant (Bibette et al., 1999).  
In case of water, osmotically driven transport via hydrated surfactant polar head groups (Fig. 
1.4c) can occur by linkage of water to the surfactant. The surfactant moves from the interface 
close to the low concentrated water phase through the oil phase and dehydrates at the interface 
close to the high concentrated water phase (Benichou et al., 2004; Garti, 1997). At close contact 
between the inner water droplet and multiple globule surface, water migration was found to be 
controlled by hydrated surfactants (Wen and Papadopoulos, 2001). 
All these transport mechanisms can take place simultaneously (Garti et al., 1994), albeit the 
transport rate is highly compound specific (Herzi et al., 2012).  
 
1.6.1.1 Ostwald ripening  
During Ostwald ripening in polydispersed emulsions, dispersed phase molecules diffuse from 
smaller droplets and condense with larger droplets upon dissolution of dispersed material. This 
process occurs without disruption of the interfacial film (Bibette et al., 1999) and results in an 
increase of the mean droplet radius (Koroleva and Yurtov, 2006). Regarding double emulsions, 
Ostwald ripening may change the mean droplet size of the inner water droplets, but also the 
enclosed water fraction by unidirectional migration of water from the W1 to W2-phase.  
Hereby, the driving force is the enhanced solubility of the dispersed phase molecules of smaller 
droplets arising from a more convex curvature (and hence, higher Laplace pressure): ∆𝜇𝜇 = 𝑉𝑉𝑚𝑚 ∙ ∆𝑃𝑃 = 2 ∙ 𝑉𝑉𝑚𝑚 ∙ 𝛾𝛾 ∙ ( 1𝑟𝑟1 − 1𝑟𝑟2) (1.1) 
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Where ∆µ and ∆P are the differences in chemical potential and pressure between two droplets 
with radii r1 and r2, respectively. Vm is the molar volume of the internal phase (Kizling and 
Kronberg, 1990). 
Lifshitz and Slyozov (1961) and Wagner (1961) described the theory of Ostwald ripening in a 
quantitative way, for which it was assumed that the spherical droplets are fixed in space, the 
distances between droplets are larger than their particle size (i.e. dilute systems), the 
inhomogeneity of the concentration distribution in space is neglected and the mass transport is 
limited by molecular diffusion of single internal phase molecules in the continuous phase 
(Kabalnov and Shchukin, 1992; Finsy, 2004). In the stationary regime, droplet coarsening as a 
function of time following Ostwald ripening can be expressed as (Kabalnov and Shchukin, 1992):  𝜔𝜔 = 𝑑𝑑𝑟𝑟𝑐𝑐3𝑑𝑑𝑑𝑑 = 8 ∙ 𝐶𝐶∞ ∙ 𝛾𝛾 ∙ 𝑉𝑉𝑚𝑚 ∙ 𝐷𝐷9 ∙ 𝑅𝑅 ∙ 𝑇𝑇  (1.2) 
Hereby, rc is the critical radius, whereby all droplets with a radius below this point will decrease 
whilst those above it will grow, i.e. if r = rc, then 
𝑑𝑑(𝑟𝑟)𝑑𝑑𝑑𝑑 ~ [ 1𝑟𝑟𝑐𝑐 − 1𝑟𝑟] = 0 (Taylor, 1998). Eq. 1.2 
shows that the molecular diffusion-controlled Ostwald ripening volume-rate ω is determined by 
the bulk phase solubility C∞ (i.e. solubility of a particle with infinite radius), the interfacial 
tension γ, the molar volume of the internal phase Vm, the diffusion coefficient of the dispersed 
phase in the continuous phase D, the gas constant R and the absolute temperature T (Kabalnov 
and Shchukin, 1992; Taylor, 1998; Finsy, 2004).  
Upon integration of Eq. 1.2 it follows that: 𝑟𝑟𝑐𝑐3 = 𝑟𝑟𝑐𝑐,03 + 𝜔𝜔 ∙ 𝑑𝑑 (1.3) 
In case of more concentrated systems, the Ostwald ripening rate is expected to be larger than 
predicted by Eq. 1.2, often corrected by a dispersed volume fraction factor (Leal-Calderon et al., 
2007). Alternatively, Taylor (1998) described the effect of volume fraction on Ostwald ripening 
by stating that the change in droplet number (N) follows second order kinetics (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −𝑘𝑘 ∙ 𝑁𝑁2). 
Upon integration for time 0 and t and using 𝑁𝑁 =  ∅𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 , whereby ∅𝑉𝑉 is the total droplet volume 
fraction and Vdroplet is the volume of a droplet, the following equation: 
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1𝑁𝑁𝑑𝑑 − 1𝑁𝑁0 = 𝑘𝑘 ∙ 𝑑𝑑 (1.4) 
is converted into: 𝑉𝑉𝑑𝑑 = 𝑉𝑉0 + 𝑘𝑘 ∙ ∅𝑉𝑉 ∙ 𝑑𝑑 (1.5) 
or 𝑅𝑅30,𝑑𝑑3 = 𝑅𝑅30,03 + 34𝜋𝜋 ∙ ∅𝑉𝑉 ∙ 𝑘𝑘 ∙ 𝑑𝑑 (1.6) 
Hereby, Eq. 1.6 is equivalent to Eq. 1.3. 
Besides diffusion-controlled ripening, permeation-controlled Ostwald ripening has also been 
described (Schmitt et al., 2004). This type of molecular permeation can be modeled using: 𝑑𝑑𝑟𝑟𝑐𝑐2𝑑𝑑𝑑𝑑 = Λ (1.7) 
where Λ is the permeation-controlled Ostwald ripening surface-rate Λ that accounts for all the 
microscopic parameters involved in the permeation (Schmitt et al., 2004; Leal-Calderon et al., 
2007). It is worth mentioning that the evolution of the droplet size with storage time following 
either permeation-controlled Ostwald ripening (Schmitt et al., 2004) or contact ripening (Roger et 
al., 2015) was also in agreement with Eq. 1.3.  
The Ostwald ripening rate is expected to be reduced when a compound is added to the dispersed 
phase, of which the solubility is low in the continuous phase. For example, Ostwald ripening in 
O/W emulsions is retarded upon addition of highly oil soluble and water insoluble mineral oil, 
ester gum or long-chain TAG to the oil phase, whereas it is favored when using flavor oils, 
essential oils, short chain TAG (McClements and Rao, 2011). In W/O emulsions, the addition of 
electrolytes and higher molecular weight compounds (e.g. uncharged or charged polysaccharides) 
to the water phase has been reported to counterbalance the Laplace pressure, thus preventing 
Ostwald ripening (Herzi et al., 2012; Muschiolik, 2007; Mezzenga, 2007). 
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In the presence of such compounds (with sufficiently large molar volume fraction ∅2 >> C∞2/ 
C∞1) with low solubility in the continuous phase, the Ostwald ripening rate can be described as 
follows (Taylor, 1998; Kabalnov and Shchukin, 1992): 𝜔𝜔 = 8 ∙ 𝐶𝐶∞2 ∙ 𝛾𝛾 ∙ 𝑉𝑉𝑚𝑚1 ∙ 𝐷𝐷29 ∙ ∅2 ∙ 𝑅𝑅 ∙ 𝑇𝑇  (1.8) 
Where indices 1 and 2 refer to the more soluble component and the less soluble additive, 
respectively. In case of a small ∅2, the mass transfer is governed by Eq. 1.2 (Kabalnov et al., 
1987). 
In addition, the Ostwald ripening rate might be reduced when the mechanical properties of the 
interface and phase(s) are altered so that droplet size changes are restricted. Cross-linking of the 
O/W2-interface might prevent/retard the water transport due to Ostwald ripening. As such, the 
enzyme transglutaminase (GRAS-status, 2010) is able to modify the functional properties of 
dairy proteins. The enzyme catalyzes the cross-linkage of side chains of two amino acids 
(glutamine and lysine), yielding covalent ε-(γ-glutamyl) lysine cross-links between the peptide 
chain, which make them also stable against heat treatment or physical stress (Rossa et al., 2012). 
An almost solid fat phase can suppress virtually any diffusion of the water phase, as well as any 
coalescence between inner and outer water droplets (Mezzenga, 2007). 
 
 
1.6.2 Coalescence  
Droplet coalescence can occur when droplets come in close contact and when their interfaces 
rupture to form a single larger droplet. Coalescence between inner water droplets or between 
multiple globules in double emulsions changes the inner water droplet and multiple globule size 
distribution. Stability against coalescence of W1-droplets and multiple droplets (and hence, 
stability against release of inner water phase) is intertwined with a small internal water droplet 
size (Bibette et al., 1999; Schuch et al., 2013). 
Leal-Calderon et al. (2007) reported on the proportionality of the coalescence induced change of 
the number of droplets per unit volume N to the total surface area A of the droplets (− 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑘𝑘 ∙𝐴𝐴) with 𝐴𝐴 = 𝑁𝑁 ∙ 𝜋𝜋 ∙ (2 ∙ 𝑅𝑅20)2 and N being related to the volume fraction ∅𝑉𝑉 according to 34𝜋𝜋 ∅𝑉𝑉𝑅𝑅303 , 
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R20 is the surface-equivalent mean radius and R30 is the volume-equivalent mean radius. Upon 
integration of −𝑑𝑑 ( 34𝜋𝜋 ∅𝑉𝑉𝑅𝑅303 ) 𝑑𝑑𝑑𝑑⁄ , where 𝑅𝑅303𝑅𝑅202 = R32 and conversion of the Sauter mean radius R32 
into the volume-equivalent mean radius R30 according to: 𝑅𝑅32 = 𝑅𝑅30√exp (4.5 ∙ (ln (𝜎𝜎𝑔𝑔))2)3 ∙ exp (2.5 ∙ (ln (𝜎𝜎𝑔𝑔))2) (1.9) 
droplet coarsening following droplet coalescence as a function of time can be described as: 1𝑅𝑅302 = 1𝑅𝑅30,02 − [���𝑘𝑘 ∙ 𝜋𝜋 ∙ 83 ∙ √exp (4.5 ∙ (ln (𝜎𝜎𝑔𝑔))2)3exp (2.5 ∙ (ln (𝜎𝜎𝑔𝑔))2) ]��� ∙ 𝑑𝑑  (1.10) 
Where k is the coalescence rate (or frequency of rupture per unit of the film surface) (Porras et 
al., 2008; Deminière et al., 1998; Peng et al., 2010; Leal-Calderon et al., 2007).  
In Taylor (1998) the rate of coalescence was described to follow first order kinetics (− 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑘𝑘 ∙𝑁𝑁), whereby the rupture of the thin film is the rate determining step, which results in the 
following equation upon integration: 𝑁𝑁𝑑𝑑 = 𝑁𝑁0 ∙ exp (−𝑘𝑘 ∙ 𝑑𝑑) (1.11) 
Substitution of 𝑁𝑁 = 34𝜋𝜋 ∅𝑉𝑉𝑅𝑅303  into Eq. 1.11 gives: 𝑅𝑅303 = 𝑅𝑅30,03 ∙ exp (𝑘𝑘 ∙ 𝑑𝑑) (1.12) 
Hereby, important parameters are temperature and concentration of the hydrophilic surfactant. 
Rising the temperature might activate coalescence and decrease the entrapment of water in the 
multiple droplets. The kinetics of coalescence of inner water droplets with the multiple droplet 
interface is related to the concentration of the hydrophilic surfactant in the W2-phase phase, 
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whereas the kinetics of coalescence between inner water droplets is related to the type of 
hydrophilic emulsifier in the W1-phase (Garti and Bisperink, 1998). 
An accelerated coalescence test can be performed by application of coverslip pressure and video 
microscopic monitoring. Hereby, the multiple emulsion is covered by a micro slide, which makes 
the inner water droplets coalesce inside the oil droplet (Jiao et al., 2002). 
 
 
1.6.3 Gravitational stability  
In general, the widespread applicability of double emulsions is hampered due to its challenging 
instability. Therefore, the production of a fine W/O emulsion in the first emulsification step, 
enables the production of less coarse multiple droplets (< 10 µm), which improves the 
gravitational stability of monodispersed (Eq. 1.13) or polydispersed (Eq. 1.14) multiple droplets 
according to Stokes’ law: 𝑣𝑣 = 2 ∙ 𝑔𝑔 ∙ 𝑅𝑅𝑝𝑝𝑝𝑝𝑟𝑟𝑑𝑑𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝2 ∙ (𝜌𝜌𝑝𝑝𝑝𝑝𝑟𝑟𝑑𝑑𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝 − 𝜌𝜌0)9 ∙ 𝜂𝜂0  (1.13) 𝑣𝑣 = ∑ 8 ∙ 𝜋𝜋27 ∙ 𝜂𝜂0 ∙ 𝑉𝑉 ∙ [𝑔𝑔 ∙ 𝑛𝑛𝑝𝑝 ∙ 𝑅𝑅𝑝𝑝𝑝𝑝𝑟𝑟𝑑𝑑𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝5 ∙ (𝜌𝜌𝑝𝑝𝑝𝑝𝑟𝑟𝑑𝑑𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝 − 𝜌𝜌0)] (1.14) 
Hereby, v is the settling velocity, Rparticle is the particle radius, ρparticle is the particle density, ρ0 is 
the continuous phase density, η0 is the continuous phase viscosity, g is the acceleration due to 
gravity, V is the droplet volume and ni is the number density of droplets (Lutz and Aserin, 2008). 
Regarding the density difference between the multiple droplets and the external water phase, 
weighting agents (brominated vegetable oil, ester gum, damar gum, sucrose-acetate isobutyrate) 
can be added to the oil phase. Alternatively, the particles can be coated with thick dense layers or 
the fat phase can be partially crystallized (McClements and Rao, 2011) with monoglycerides and 
diglycerides (Goff, 1997). Whereas sub-micron fat crystals can stabilize a W/O emulsion, the 
control of the fat crystal concentration is crucial for stabilization of O/W and W/O/W emulsions. 
A scraped surface heat exchanger can be applied to selectively bring the crystals at the W1/O 
interface and not at the O/W2 interface. If they would be located at the latter position, aggregation 
and coalescence might occur. In order to render certain fat crystals amphiphilic or adsorbable at 
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the interface, surfactants (monoglycerides, lecithin) are needed, whereby the addition of PGPR 
can displace the crystals (Frasch-Melnik et al., 2010).  
The viscosity of the W2-phase can be increased by the use of thickening (polymeric) compounds 
(Lutz and Aserin; 2008) or the viscosity of the double emulsion can be augmented by osmotic 
pressure tailoring. Regarding the first approach, a preferred viscosity ratio (W/O):W2 of 
approximately unity was suggested by Kanouni et al. (2002). Upon application of a positive 
osmotic pressure gradient (i.e. ∆π = πi- πe > 0 where indices i,e refer to the inner and external 
water phase), the inner and multiple droplets might swell. This might increase the gravitational 
stability due to the dense packing of multiple droplets (Leal-Calderon et al., 2012).  
Mostly, a combination of application of an osmotic pressure gradient and the addition of a 
viscosity enhancing compound in the external water phase is needed to prevent creaming (Pawlik 
et al., 2010; Benichou et al., 2007). 
Creaming can be monitored by measurement of the separation of the serum and cream layer (Fig. 
1.5). At time zero, the multiple droplets are homogeneously distributed in the sample and 
characterized by a globule concentration C0. After time t, the emulsion separates into three 
distinguishable layers: a serum layer with C < C0, an emulsion layer with C = C0 and a cream 
layer with C > C0. Besides visual observation of the boundary of the layers, also light scattering 
measurement can be applied. Alternatively, creaming can be studied by a physical sectioning 
method. Upon freezing of the emulsion, the droplet concentration in each frozen section is 
measured. The sample can also be divided into sections by collecting successive aliquots of the 
emulsion stored in a burette or separation funnel. When creaming is monitored as a function of 
time, the creaming rate can be determined (McClements, 2007). An accelerated creaming test can 
be performed using analytical photocentrifugation. 
 
 
1.7 Strategic objectives and thesis outline  
Whereas multiple emulsions are known for some decades, industrial applications, especially in 
the food sector, are, however, still lacking. According to our opinion, this is mainly due to a lack 
of fundamental knowledge on the stability of W/O/W emulsions, considering its complexity in 
comparison to simple emulsions.  
 
INTRODUCTION 
 
21 
 
 
Fig. 1.5: Schematic representation of creaming as a function of time in a (W/O)/W emulsion 
(McClements, 2007). 
 
Therefore, the main goal of the research project is to deepen the fundamental understanding of 
the stability of double emulsions. To that end, the first goal is to prepare food grade W/O/W 
emulsions, whereby formulation aspects and process conditions are important. The second goal is 
the in situ characterization of the prepared emulsions, which includes the estimation of the 
fraction of the water that is enclosed, as well as the particle size determination of the enclosed 
water droplets, as well as of the oil globules. Hereby, we will mainly focus on low-resolution 
NMR as a non-invasive and non-destructive characterization method. The developed 
characterization techniques are essential to evaluate the stability of the obtained emulsions, which 
is an important quality characteristic. The characterization and stability (including Ostwald 
ripening) of the emulsions strongly depends on the migration of water and enclosed solutes 
through the oil layer. Hence, it is crucial to evaluate the permeability of the oil layer as a function 
of diverse stimuli, such as temperature, time and osmotic forces. 
After an overview of the background principles of double emulsion preparation and stability (in 
the first chapter), this manuscript describes the theoretical background for the characterization of 
W/O and W/O/W emulsions using low-resolution pulsed field gradient (pfg) NMR (Chapter 2). 
In the second chapter, pfg-NMR diffusion data were analyzed and simulated as a function of 
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some experimental settings using the Murday and Cotts procedure, aiming at accurate 
determination of the enclosed water volume fraction and inner water droplet size distribution of 
W/O and W/O/W emulsions. The effect of exchange of water through the oil phase was 
simulated using the Pfeuffer procedure. Subsequent diffusion data analysis using the Murday and 
Cotts procedure enables the evaluation of the effect of exchange on the emulsion 
characterization. As low-resolution NMR enables the estimation of the enclosed water volume 
fraction and water droplet size distribution, i.e. two characteristics that play a central role 
throughout this dissertation, Chapter 2 provides an introduction before the division of the 
manuscript in two experimental parts accordingly.  
A first part focuses on the encapsulation efficiency or yield of W/O/W emulsions, which 
is defined as the percentage of species originally present in the aqueous phase of the primary 
emulsion that remain entrapped in the internal aqueous phase of the final W/O/W emulsion. In 
Chapter 3, the water encapsulation efficiency is expressed as the enclosed water volume fraction 
(EV), which is the fraction of total water that is present as internal water droplets. The EV is 
determined by two low-resolution NMR methods. Whereas pfg-NMR diffusometry enables the 
discrimination between internal and external water based on differences in diffusion behavior, the 
T2 relaxometric method is based on the relaxation behavior differences of the internal and 
external water upon addition of an external water soluble paramagnetic probe, such as MnCl2. 
The two methods are critically evaluated with regard to the accurate determination of the 
enclosed water volume fraction of W/O/W emulsions upon variation of storage time, 
measurement temperature, data analysis methods and instrumental parameters (such as the NMR 
diffusion delay time and NMR relaxation delay). In addition, the applicability of both methods to 
investigate exchange kinetics in emulsion systems is demonstrated. 
Chapter 4 is devoted to the influence of one specific instrumental NMR parameter (NMR 
receiver gain) on the enclosed water volume fraction determination by the two NMR methods.  
In Chapter 5, the effect of process conditions, such as homogenization duration and intensity, on 
the enclosed water volume fraction of a double emulsion is studied by low-resolution NMR T2 
relaxometry. Aiming at preparation of concentrated W/O/W emulsions, the possibility of 
entrapping a maximal amount of water in the W/O emulsion is investigated by low-resolution 
pfg-NMR diffusometry.  
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Chapter 6 deals with the encapsulation efficiency of water and whey protein isolate, which is 
added to the water phase of the primary emulsion in W/O/W emulsions. The effect of the 
application of an osmotic pressure gradient over the inner and outer water phase on the transport 
kinetics of protein and water is investigated as a function of time.  
A second part concerns the water droplet size distribution of W/O and W/O/W emulsions. 
The production of a fine W/O emulsion in the first emulsification step enables the production of 
less coarse multiple droplets in the W/O/W emulsion. Chapters 7 and 8 present a more 
experimental approach of the effect of molecular exchange on the obtained water droplet size 
analysis results obtained using (low-resolution and high-resolution) NMR diffusometry in W/O 
and W/O/W emulsions, respectively. Whereas low-resolution NMR provides a more practical and 
less expensive approach for measuring water diffusion, high-resolution NMR enables the 
measurement of diffusion of water soluble compounds as well. The highly water soluble marker 
tetramethylammonium chloride is added to the water phase(s), of which the permeability through 
the oil phase is thought to be much lower as compared to water. Hence, the diffusion behavior of 
the marker is expected to result in the real water droplet size using the Murday and Cotts 
procedure. Extradroplet compound diffusion is evaluated by recording the water droplet size 
distribution upon variation of measurement temperature and NMR diffusion delay time. In 
addition, the application of different diffusion data analysis methods is evaluated in order to try to 
obtain accurate data, even when extradroplet diffusion interferes during data analysis. 
In Chapters 9 and 10, important formulation parameters that affect the physicochemical 
properties of W/O emulsions are studied by various methods. In Chapter 9, hydrophilic species 
are added to the water phase and the effect on emulsion destabilization by droplet coarsening is 
investigated using analytical photocentrifugation, microscopy and NMR diffusometry. Hereby, 
different storage temperatures and droplet coarsening models are applied to evaluate the effect of 
Ostwald ripening. In Chapter 10, W/O emulsions are made with a high melting fat phase, of 
which the cooling rate is expected to play a key role with respect to the physicochemical 
properties. Hereby, the samples are cooled down at different rates. The effect of the rate of 
cooling on the microstructure is investigated using NMR diffusometry, as well as various 
microscopic techniques. 
A schematic thesis outline is given in Fig. 1.6. 
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Fig. 1.6: Schematic representation of the dissertation, indicating the different chapters. 
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W/O AND W/O/W EMULSION CHARACTERIZATION USING 
LOW-RESOLUTION PFG-NMR DIFFUSOMETRY:  
MURDAY-COTTS VERSUS PFEUFFER MODEL 
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Abstract 
The usefulness of low-resolution pulsed field gradient NMR diffusometry for characterization of 
W/O and W/O/W emulsions was evaluated using the Murday and Cotts procedure. Evaluation of 
data analysis and simulation of pfg-NMR diffusion data enabled accurate characterization of the 
emulsions and determination of the accessible water droplet radius range. In addition, exchange 
of water through the oil phase was simulated using the Pfeuffer procedure. Subsequent diffusion 
data analysis using the Murday and Cotts procedure indicated that exchange clearly affected the 
emulsion characterization. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Redrafted after Vermeir L., Balcaen M., Dewettinck K. and Van der Meeren P. (2014). Water 
droplet size analysis of emulsions by pfg-NMR diffusometry. Proceedings of Particulate Systems 
Analysis, PSA 2014, Manchester, UK. 
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2.1 Introduction 
Nowadays, low-resolution benchtop NMR is routinely used in the food industry. Hereby, 1H 
pulsed field gradient (pfg) NMR is a fast and non-destructive method for determination of the 
droplet size distribution in food emulsions (Van Duynhoven et al., 2007). For all NMR 
experiments, the 1H nuclei in the sample experience an external magnetic field B0 in the NMR 
spectrometer. In order to measure the magnetic signal, the application of energy (by means of a 
radiofrequency pulse) is required, which excites the 1H nuclei in the sample. The resulting 
magnetization signal (Fig. 2.1a) is measured as a voltage signal, arising from 1H nuclei in 
resonance frequency with the applied energy.  
Regarding the pfg-NMR experiment, two short pulses of a magnetic field gradient are applied. 
The first gradient pulse (with gradient strength G and gradient width δ) labels the position of the 
1H nuclei in the sample (Fig. 2.1b). Because of the ‘gradient’ in field strength, the magnetic field 
experienced by 1H nuclei depends on their position in the sample. Since the frequency of 1H 
nuclei spins depends on the experienced field, the magnetisation effectively fans out into a helix 
pattern (Fig. 2.1c). In case of a sample without molecular diffusion, the use of an identical 2nd 
gradient pulse after the diffusion delay time (∆) (Fig. 2.1d) results in complete recovery of the 
magnetic signal (Fig. 2.1e), whereas the diffusion of molecules (characterized by a diffusion 
coefficient Ds) during ∆ will result in an attenuated signal (Fig. 2.1f). Repeating the experiment 
for larger G, results in more reduction of the magnetization signal. As such, a diffusion echo 
signal decay as a function of G is obtained  (Fig. 2.1g).  
In case of water-in-oil (W/O) emulsions, the diffusion of water molecules inside a water droplet 
is restricted (i.e. if ∆ ≫  𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2𝐷𝐷𝑠𝑠 ) and the mean displacement of the liquid molecules inside the 
emulsion droplets is of the same order of magnitude or larger than the diameter of the droplet. 
The smaller the size of the water droplets, the more restriction in diffusion will be experienced by 
the water molecules and hence, the less the diffusion echo signal will decay with increasing G-
values (Fig. 2.1). Hence, a fit of the model developed by Murday and Cotts (1968) to the 
experimental diffusion echo data allows the determination of the mean and the width of a 
supposedly lognormal droplet size distribution. 
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Previous studies either applying confocal laser scanning microscopy or water signal 
measurements by high-field and low-field pfg-NMR on W/O and W/O/W emulsions showed that 
molecular transport of water molecules through the oil layer can occur (Balinov et al., 1996; 
Bernewitz et al., 2011; Bernewitz et al., 2013; Fourel et al., 1994; Guan et al., 2010; Van den 
 
 
 
     
 
 
 
 
 
 
 
 
 
 
a b c d e 
 
 
          
 
f 
g  
Fig. 2.1: (a) The magnetization arising from excited 1H nuclei. (b) Application of the 1st 
magnetic field gradient pulse. (c) The magnetisation effectively fans out into a helix pattern. (d)  
Application of the 2nd magnetic field gradient pulse after ∆. (e) Perfect recovery of the 
magnetisation. (f) Incomplete recovery in magnetisation due to diffusion. (g) Simulated diffusion 
echo signal decay in monodisperse W/O emulsions of varying water droplet size based on the 
Murday and Cotts model.   
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Enden et al., 1990). This type of extradroplet water diffusion has been reported to become 
increasingly important with increasing measurement temperature and NMR diffusion delay time 
∆ (Balinov et al., 1996; Fourel et al., 1994; Van den Enden et al., 1990; Wolf et al., 2009). In 
literature, the Pfeuffer model (Pfeuffer et al., 1998) has been applied to describe the diffusion 
signal of water exchanging between two water phases in a W/O/W emulsion (Hindmarsh et al., 
2005), albeit a model modification in order to fit the water diffusion data better has been 
described in Wolf et al. (2009).  
In a first part of this study, experimentally obtained W/O/W diffusion data were analyzed using 
the Murday and Cotts procedure aiming at accurate emulsion characterization and evaluation of 
the number of freely adjustable parameters within the model that can be accurately estimated. 
In a second part, the diffusion data were obtained upon simulation using the Murday and Cotts 
procedure. The sensitivity of the Murday and Cotts procedure towards droplet size was evaluated 
by means of determination of the accessible water droplet radius range.  
In a third part, the applicability of the Murday and Cotts procedure for droplet size determination 
under conditions of water exchange was evaluated. To that end, diffusion data of W/O and 
W/O/W emulsions were simulated upon imposing different exchange rates using the Pfeuffer 
model. Subsequently, the Murday and Cotts procedure was applied to fit the resulting diffusion 
data. 
 
 
2.2 Materials and methods 
2.2.1 Materials and emulsion preparation 
The lipophilic emulsifier polyglycerol polyricinoleate (PGPR 4150; min. 75% n-glycerols with 
n=2, 3 and 4; max. 10% m-glycerols with m ≥ 7) and the hydrophilic emulsifier sodium caseinate 
(5.5% moisture; 96% protein on dry matter), were kindly provided by Palsgaard A/S (Denmark) 
and Armor Protéines (Saint Brice en Cogles, France), respectively. High oleic sunflower oil 
(Hoso; Iodine Value= 87; 82% C18:1) and soft palm mid fraction (soft PMF; Iodine Value= 42-
50; SFC= 79% at 5 °C) was acquired from Contined B.V. (Bennekom, The Netherlands) and 
Unigra Sp. (Conselice, Italy), respectively. The 0.1 M phosphate buffer solution (pH 6.7) 
contained 0.02% (w/v) of the anti-microbial agent NaN3 (Acros Organics, Geel, Belgium), 
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KH2PO4 (Merck KGaA, Darmstadt, Germany) and K2HPO4 (Alfa Aesar, Karlsruhe, Germany). 
All above mentioned chemicals were of analytical grade.  
 
W1/O-emulsion preparation 
Regarding the composition of the investigated emulsions, reference is made to the procedure 
described by Su et al. (2006), which differs in the applied phase ratio and surfactant concentration. 
An Ultra-Turrax (type S 50 N - G 45 F, IKA®-Werke, Germany) and a Microfluidizer (type 
M110S, Microfluidics) at 840 bar (driving air pressure of 6 bar) for 1.5 min were used to premix 
and homogenize the W1/O-emulsion (50 : 50, w/w) at 60 °C, respectively. The primary water 
phase (W1) contained 1.25% (w/v) sodium caseinate and the 0.1 M phosphate buffer solution, 
whereas the fat phase consisted of 2.5% (w/v) PGPR in soft PMF or Hoso (high oleic sunflower 
oil) (Table 2.1). 
 
Table 2.1: Composition of the 50:50 W/O emulsions 
 W/Os W/Oh 
Water phase (wt%) 50 50 
 Sodium caseinate (%, w/v) 1.25 1.25 
 Buffer solution (pH 6.7) (%) ad 100 ad 100 
   
Oil phase (wt%) 50 50 
 PGPR (%, w/v) 2.5 2.5 
 Soft PMF (%) ad 100 - 
 Hoso (%) - ad 100 
 
 
W1/O/W2 emulsion preparation 
The external water phase (W2) was mixed at room temperature with freshly prepared W1/O-
emulsion in a ratio 60:40 (w/w) with an Ultra-Turrax S25-10G (IKA®-Werke, Germany) at 
13500 rpm for 1 minute. Hereby, the W2-phase only differs from the W1-phase in the 
concentration of sodium caseinate (1%, w/v) (Table 2.2). Afterwards, all double emulsions were 
further mixed with a continuous Ultra-Turrax DK25 (IKA®-Werke, Germany) at 13500 rpm for 1 
minute. All samples were cooled in an ice/water bath for 40 minutes and subsequently stored in 
the refrigerator.  
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Table 2.2: Composition of the 20:20:60 W/O/W emulsions 
 W/Os/W W/Oh/W 
W/Os emulsion  (wt%) 40 - 
W/Oh emulsion (wt%) - 40 
    
Water phase (wt%) 60 60 
 Sodium caseinate (%, w/v) 1.00 1.00 
 Buffer solution (pH 6.7) (%) ad 100 ad 100 
 
 
2.2.2 Low-resolution pfg-NMR diffusometry 
NMR measurements were performed at 5 °C on a benchtop Maran Ultra spectrometer (Oxford 
Instruments, UK) operating at a frequency of 23.4 MHz. At 5 °C, the interdroplet water diffusion 
is minimized (Van lent et al., 2008). The samples were filled in cylindrical glass NMR tubes 
(outer diameter 18.0 mm; inner diameter 15.2 mm; Oxford Instruments, UK) up to 15 mm and 
elevated for 27 mm above the bottom, so that they did not exceed the active region of the RF coil 
(see section 3.3.1).  
For a description of 1H pulsed field gradient (pfg) NMR diffusometry experiments, we refer to 
Voda and van Duynhoven (2009) and Johns (2009).  
Pfg-NMR experiments were performed using the stimulated echo pulse (STE) sequence (Fig. 2.2), 
which was preceded by an inversion recovery experiment for suppression of the NMR-
contribution from the fat phase in the emulsion, characterized by a time period τnull (van 
Duynhoven et al., 2002). At 5 °C, the τnull-value of the bulk soft PMF phase and Hoso phase 
amounted to 57 ms and 40 ms, respectively. The relaxation delay was set at 10 s and the NMR 
receiver gain at 10%. Measurements were performed varying the gradient strength (G) (van 
Duynhoven et al., 2007) between 0 and 3.17 T/m while keeping the gradient duration (δ) constant 
(2.5 ms) and the diffusion delay (∆) fixed for values between 60 and 220 ms. 
Throughout this dissertation, the free self-diffusion coefficient of the bulk inner water phase was 
measured (Ds) using the DSD script (Oxford Instruments, UK) and varying the duration (δ) 
between 0.05 and 2.75 ms while keeping the gradient strength (G) and the diffusion delay (∆) 
constant at 0.14 T/m and 200 ms, respectively. The Ds-value of the above described W1-phase 
amounted to 1.20E-9 m2/s at 5 °C.  
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Fig. 2.2: Schematic outline of the pulsed gradient stimulated echo (PGSTE) pulse. RF = radio 
frequency pulse, G=gradient pulse, ACQ= acquisition. 
 
 
2.2.3 Background theory: model described by Murday and Cotts (1968) 
Using a sufficiently long diffusion delay time (i.e. ∆ ≫  𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2𝐷𝐷𝑠𝑠 ) the diffusion of protons in the 
internal water phase is restricted (Denkova et al., 2004) and the echo decay EMC (r,q2,∆) of a 
spherical droplet of radius r can be described by the Murday and Cotts equation (Murday and 
Cotts, 1968), provided that water exchange through the oil or fat phase is negligible during the 
analysis. Reference is made to Hindmarsh et al. (2005) for more detailed information. 
Since the droplet sizes of most food emulsions are polydisperse, the total normalized attenuation 
of the NMR signal of the population of possible spherical droplet radii r with a certain probability 
Pv can be described by an extension of the Murday and Cotts equation EeMC (Packer and Reese, 
1972; Bernewitz et al., 2011; Voda and van Duynhoven, 2009) (Eq. 2.2). 
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𝐼𝐼 =  𝐼𝐼0 ∙ 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒(𝑞𝑞2) =  𝐼𝐼0 ∙ ∫ 𝑃𝑃𝑣𝑣(𝑟𝑟) ∙ 𝐸𝐸𝑒𝑒𝑒𝑒(𝑟𝑟, 𝑞𝑞2, ∆)𝑑𝑑𝑟𝑟∞0 ∫ 𝑃𝑃𝑣𝑣(𝑟𝑟)∞0 𝑑𝑑𝑟𝑟  (2.2) 
where I0 is the intensity of the echo signal at G=0 T/m, γ is the (magnetogyric or) gyromagnetic 
ratio (2.675E8 s-1T-1), D is the bulk diffusion coefficient of water in the dispersed fluid, λm is the 
mth-square root of a Bessel function and q2 equals (δ·γ·G)2. Hereby, Pv is described by a 
lognormal volume-weighted particle size distribution (see Eq. 2.10 in section 2.2.5). Unless 
stated differently, the latter was characterized by the arithmetic mean radius R43 and arithmetic 
standard deviation σ of the lognormal volume-weighted particle radius distribution (see section 
2.2.5). The best fitting R43, σ and I0 are obtained upon performing a least-squares fit of Eq. 2.2 to 
the echo intensity data using Matlab 7.5.0.342 (R2007b) software (The MathWorks). 
It deserves to be mentioned that other approaches exist for droplet size determination using pfg-
NMR diffusometry without prior assumption of the shape of the droplet distribution (Ambrosone 
et al., 2004; Voda and van Duynhoven, 2009). Alternatively, a model-free approach was used by 
changing the pulse sequence, such as by combining relaxometry and diffusometry (Opedal et al., 
2009; Peña and Hirasaki, 2003). 
In W/O/W emulsions, differences in diffusion behavior allow discriminating between internal 
and external water. Due to quasi free diffusion of water molecules (‘FW’) (with a minor 
obstruction effect due the oil globules present) in the external water phase and restricted diffusion 
in the internal water droplets, a combination of fast and slow echo decay is recorded at low and 
high values of q2, respectively. Assuming that the diffusion of the inner water droplets, as well as 
the water exchange through the oil or fat phase is negligible during the analysis (Fig. 2.3a), the 
water signal should give rise to a quasi bi-exponential decay EMCFW (Eq. 2.3) as a function of q2 
and diffusion delay ∆. 𝐸𝐸𝑒𝑒𝑒𝑒𝑀𝑀𝑀𝑀(𝑞𝑞2, ∆) = 𝐼𝐼𝐼𝐼0 = 𝐸𝐸𝐸𝐸 ∙ 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 + (1 − 𝐸𝐸𝐸𝐸)  ∙ exp (−𝑞𝑞2  ∙ (∆ − 𝛿𝛿3) ∙  𝐷𝐷𝑒𝑒) (2.3) 
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a b 
Fig. 2.3: Schematically drawn systems. (a) W/O/W emulsion with negligible exchange between 
the inner water droplets (as resided in a single oil globule or in different oil globules) and 
negligible exchange between the inner water droplets and the external water phase. (b) Glial cells 
in an extracellular aqueous medium with mean residence time τ1 and τ2 in p1 (cell) and p2 
(medium), respectively.  
 
The amplitudes of the echo decay yield the enclosed water volume fraction (EV), which is 
defined as the fraction of the total water that is present as internal water droplets. The values for 
the echo intensity in the absence of a magnetic field gradient (I0), the effective diffusion 
coefficient in the outer aqueous phase (De), R43, σ and EV were determined upon performing a 
least-squares fit of Eq. 2.3 to the echo intensity data as obtained for a certain ∆ using Matlab 
7.5.0.342 (R2007b) software (The MathWorks).  
 
2.2.4 Background theory: model described by Pfeuffer et al. (1998)  
An exchange model has been described by Pfeuffer et al. (1998) to accommodate the diffusion 
behavior of intracellular water in glial cells, with finite membrane water permeability, surrounded 
by the extracellular water (Fig. 2.3b):  𝐸𝐸𝑃𝑃𝑃𝑃(𝑞𝑞2, ∆) =  𝑝𝑝1  ′ ∙ exp (−𝑞𝑞2  ∙ (∆ − 𝛿𝛿3) ∙  𝐷𝐷1′) +  𝑝𝑝2  ′ ∙ exp (−𝑞𝑞2  ∙ (∆ − 𝛿𝛿3) ∙  𝐷𝐷2′ ) (2.4) 
The parameters that are influenced by the exchange of molecules are indicated by a prime symbol 
and are henceforth termed apparent parameters. Fig. 2.4 shows the schematic interconnections 
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between the apparent and effective parameters of the Pfeuffer model. The apparent volume 
fractions (p1,2′ ) and the apparent diffusion coefficients of the inner and outer compartments (D1,2′ ) 
are defined as follows (Pfeuffer et al., 1998): 𝑝𝑝2  ′ = (𝑝𝑝1∙𝐷𝐷1+ 𝑝𝑝2∙𝐷𝐷2 −𝐷𝐷1 ′ )𝐷𝐷2′ −𝐷𝐷1′   and 𝑝𝑝1′ = 1 −  𝑝𝑝2′  (2.5) 𝐷𝐷1,2′ = 1 2⁄ ∙ [���𝐷𝐷1 +  𝐷𝐷2 + 1𝑞𝑞2 ∙ ( 1𝜏𝜏1 + 1𝜏𝜏2) ∓  √(𝐷𝐷2 − 𝐷𝐷1 + 1𝑞𝑞2 ∙ ( 1𝜏𝜏2 − 1𝜏𝜏1))2 + 4𝑞𝑞4 ∙ 𝜏𝜏1 ∙ 𝜏𝜏2]���  (2.6) 
  
 
 
Fig. 2.4: Schematic overview of the interconnections of the parameters in the Pfeuffer model. 
 
Where D1 and D2 are the effective diffusion coefficients. D1 and D2 are smaller than the 
experimentally determined free diffusion coefficient of the inner and outer pool by reason of 
restricted diffusion in the inner compartment and obstruction of the diffusion in the presence of 
the inner pool, respectively. D1 (and the inner compartmental size distribution) results from 
taking the partial derivative of the magnetization attenuation with respect to q2 (Eq. 2.7). The 
inner compartmental lognormal volume-weighted particle size distribution was specified by the 
arithmetic mean radius (R43) and arithmetic standard deviation (σ). The mean residence time τ1,2 
in the internal and external pool is the time after which the population is reduced to 36.8% upon 
molecular exchange between the inner and outer compartment (Pfeuffer et al., 1998). 𝐷𝐷1 = − 𝜕𝜕 𝐿𝐿𝐿𝐿 ( 𝐼𝐼𝐼𝐼0 (𝑞𝑞2, ∆, 𝑅𝑅43, 𝜎𝜎, 𝐷𝐷𝑟𝑟))𝜕𝜕𝑞𝑞2 ∙ 1∆  (2.7) 
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The limiting cases of the Pfeuffer model are summarized in Table 2.3. 
 
Table 2.3: Limiting cases of the Pfeuffer model and theoretical outcomes 
Limiting case Outcome for EPf Description 𝝉𝝉𝟐𝟐, 𝝉𝝉𝟏𝟏 → ∞ ≈ EMCFW Very slow/negligible exchange between two pools 𝝉𝝉𝟏𝟏 → 𝟎𝟎 Quasi mono-exponential Fast exchange between two pools 𝐸𝐸𝑃𝑃𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑃𝑃𝑒𝑒𝑟𝑟(𝑞𝑞2, ∆) =  exp (−𝑞𝑞2  ∙ (∆ − 𝛿𝛿3)  ∙  12 ∙ (𝐷𝐷1 + 𝐷𝐷2)) 𝝉𝝉𝟏𝟏 = 𝟎𝟎 No outcome Very fast exchange between two pools 𝒑𝒑𝟏𝟏 = 𝟎𝟎 Mono-exponential Low concentration of inner pool 𝐸𝐸𝑃𝑃𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑃𝑃𝑒𝑒𝑟𝑟(𝑞𝑞2, ∆) =  exp (−𝑞𝑞2  ∙ (∆ − 𝛿𝛿3)  ∙  𝐷𝐷2) 𝒑𝒑𝟐𝟐 = 𝟎𝟎 No outcome High concentration of inner pool 𝑫𝑫𝟏𝟏 = 𝑫𝑫𝟐𝟐 
(q2 independent) 
Mono-exponential Monodispersed inner pool compartments 𝐸𝐸𝑃𝑃𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑃𝑃𝑒𝑒𝑟𝑟(𝑞𝑞2, ∆) =  exp (−𝑞𝑞2  ∙ (∆ − 𝛿𝛿3)  ∙  𝐷𝐷1) 𝑫𝑫𝟏𝟏 = 𝑫𝑫𝟐𝟐 
(q2 dependent) 
Quasi mono-exponential ≈ EeMC Obstructed diffusing outer pool 𝐸𝐸𝑃𝑃𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑃𝑃𝑒𝑒𝑟𝑟(𝑞𝑞2, ∆) =  exp (−𝑞𝑞2  ∙ (∆ − 𝛿𝛿3)  ∙  𝐷𝐷1) 𝑫𝑫𝟏𝟏 ≠ 𝑫𝑫𝟐𝟐 
(q2 independent) 
EKärger Monodispersed inner pool compartments 
Eq. 2.4, whereby Eq. 2.7 is not applicable 
 
 
Assuming an instantaneous exchange of water through the glial cell membrane and hence, the 
volume fraction and mean residence time of water in the cell membrane is assumed to be 
negligible, the following equation can be used: 𝜏𝜏2 = 𝜏𝜏1 ∙ 1 − 𝑝𝑝1𝑝𝑝1  (2.8) 
The W/O/W emulsion contains three compartments, whereas the Pfeuffer model describes the 
exchange between two compartments. Depending on the change of the diffusion echo signal 
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decay of water in the W/O/W emulsion as a function of diffusion delay ∆, some simplifications 
can be made.  
In case Fig. 2.5a represents the experimental diffusion data change with ∆, then Eq. 2.4 can be 
fitted to the diffusion echo signal decay of water exchanging between the inner (1st compartment) 
and outer water phase (2nd compartment) of the W/O/W emulsion, as well as between inner water 
droplets through the oil layer. For sake of simplification, the mean residence time of water in the 
oil layer can be considered negligible (Hindmarsh et al., 2005; Guan et al., 2010).  
In case Fig. 2.5b represents the diffusion echo signal decay, then Eq. 2.9 describes the diffusion 
echo signal decay of water exchanging between the inner water droplets (1st compartment) 
through the oil layer (2nd compartment) inside the oil droplets of the W/O/W emulsion. Hereby, it 
is assumed that the residence time of water in the external water phase of the W/O/W emulsion is 
infinitely long. 𝐸𝐸𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀(𝑞𝑞2, ∆) = 𝐸𝐸𝐸𝐸 ∙ 𝐸𝐸𝑃𝑃𝑃𝑃(𝑞𝑞2, ∆) + (1 − 𝐸𝐸𝐸𝐸) ∙ exp (−𝑞𝑞2  ∙ (∆ − 𝛿𝛿3) ∙  𝐷𝐷3) (2.9) 
In fact, Eq. 2.9 is an extension of the Pfeuffer model (Eq. 2.4), whereby the first term contains the 
parameters influenced by exchange between water droplets through the oil layer of the W/O/W 
emulsion, whereas the second term yields the effective diffusion coefficient D3 of the external 
water phase, similar to De in Eq. 2.3.  
It is worth mentioning that an alternative modification of the Pfeuffer model was applied in Wolf 
et al. (2009). The authors could fit the data using Eq. 2.4, in which D2′  was replaced by an 
effective diffusion coefficient. As such, the latter modification describes exchange between two 
water phases, but the exchange time only affects the parameter p2′  in the second term of the 
equation. 
Upon simulation of the diffusion echo signal decay of water in a W/O/W emulsion, the fast 
attenuation part (i.e. at very small q2) was similar when using Eq. 2.4 (Fig. 2.5a), Eq. 2.9 (Fig. 
2.5b) and Eq. 2.3 (Fig. 2.5c), whereas the intersection of the fast and slow attenuation part was 
clearly different.  
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a b 
 
Fig. 2.5: Simulated diffusion echo signal decay 
of water in the W/O/W emulsion (a) with 
exchange between the inner and outer water 
phase (Eq. 2.4), (b) with exchange between the 
inner water phase and oil layer (Eq. 2.9) and (c) 
without exchange (Eq. 2.3). Insets are shown at 
low q2 values. The following parameters were 
used: R43=1.5 µm, σ=0.25 µm, Ds=1.2E-9 m2/s, 
δ=2.5 ms, Gmax=3.17 T/m and ∆=0.06-0.10-
0.22 s. 
Eq. Eq.-specific parameter values 
EPf 2.4 τ1=0.1 s; p2=0.75; D2=1.1E-9 m2/s 
EPfFW 2.9 τ1=0.1 s; p2=0.01; EV=25%;  
D2=0.4E-9 m2/s; D3=1.1E-9 m2/s 
EMCFW 2.3 EV=25%; De=1.1E-9 m2/s 
 
c 
 
The main features of Fig. 2.5a and Fig. 2.5c consist of constant slopes of the slow attenuation 
part as a function of ∆, whereby a decreasing intercept of the slow attenuation part with 
increasing ∆ is shown for Fig. 2.5a. Fig. 2.5b and Fig. 2.5c show a common intercept of the slow 
attenuation part with ∆, whereby the slope steadily increases with increasing ∆ in Fig. 2.5b.  
For sake of completeness, the above mentioned model modification in Wolf et al. (2009) results 
in the same features as in Fig. 2.5a. 
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2.2.5 Average diameters of lognormal distributions  
Most food emulsions are characterized by a polydisperse population of droplet sizes with a 
certain probability Pv. Hereby, Pv is described by a lognormal volume-weighted particle size 
distribution (Eq. 2.10). Unless stated differently, the geometric mean radius (R33) and geometric 
standard deviation (σg) were converted to the arithmetic mean radius (R43) and arithmetic 
standard deviation (σ) of the lognormal volume-weighted particle size distribution using Eq. 2.11 
and Eq. 2.12.  𝑃𝑃𝑣𝑣(𝑟𝑟) = 1√2𝜋𝜋 ∙ 𝑟𝑟 ∙ ln 𝜎𝜎𝑔𝑔 ∙ exp (− (𝑙𝑙𝐿𝐿(𝑟𝑟) − 𝑙𝑙𝐿𝐿(𝑅𝑅33))22 ∙ (ln 𝜎𝜎𝑔𝑔)2 ) (2.10) 𝑅𝑅43 = 𝑅𝑅33 ∙ exp ((ln 𝜎𝜎𝑔𝑔)22 ) (2.11) 𝜎𝜎 = √𝑅𝑅432 ∙ (𝑒𝑒𝑒𝑒𝑝𝑝 ((ln 𝜎𝜎𝑔𝑔)2) − 1) (2.12) 
The arithmetic mean radius R43 of the lognormal volume-weighted particle size distribution is 
interrelated to the geometric mean radius R00 of the lognormal number-weighted particle radius 
distribution as follows: 𝑅𝑅43 = 𝑅𝑅00 ∙ exp (3.5 ∙ (ln (𝜎𝜎𝑔𝑔))2) (2.13) 
Eq. 2.11 and Eq. 2.13 show that small differences in R33, R00 and σg are magnified in the R43-
calculation. 
The average volume V of the droplets equals 43 ∙ 𝜋𝜋 ∙ 𝑅𝑅303 , whereby the interrelationship between 
the volume-equivalent mean radius R30 and the arithmetic mean radius R43 is given in Eq. 2.14. 𝑅𝑅30 = 𝑅𝑅43 ∙ exp (−3.5 ∙ (ln (𝜎𝜎𝑔𝑔))2) ∙ √𝑒𝑒𝑒𝑒𝑝𝑝 (4.5 ∙ (ln (𝜎𝜎𝑔𝑔))2)3  (2.14) 
 
 
PFG-NMR DIFFUSOMETRY: MURDAY-COTTS VERSUS PFEUFFER 
 
41 
 
2.2.6 Statistical section 
A least-squares fit of the model to the echo intensity data was performed using Matlab 7.5.0.342 
(R2007b) software (The MathWorks). Error bars associated with the estimated predictor variable 
values within the Murday and Cotts model represent the standard error of the estimate as obtained 
from the Hessian matrix in the Matlab output.  
Error bars associated with the accessible water droplet radius range represent the 95% confidence 
interval as obtained from linear regression using Excel (Microsoft Office 2010). 
The applied measure of the goodness-of-fit was the sum of squared errors (SSE), i.e. the squared 
sum of differences between the experimental and fitted data. The fit to the relative trend was 
measured by the coefficient of determination (R2). 
 
 
2.3 Results and discussion 
2.3.1 Diffusion data analysis using the Murday and Cotts procedure  
The inner water droplet size distribution and the enclosed water volume fraction (EV) are 
important characteristics of W/O/W emulsions, which can be estimated from pfg-NMR echo 
decay data using Eq. 2.3. In theory, the five freely adjustable parameters within the model are I0, 
EV, De, R43 and σ.  
A two-way sensitivity analysis was performed on the experimentally obtained W/Oh/W and 
W/Os/W emulsion diffusion data (Fig. 2.6). The analysis implied the assignment of an average 
radius (R43, i.e. the arithmetic mean radius of the lognormal volume-weighted particle radius 
distribution) and particle radius distribution width (σ, i.e. the associated arithmetic standard 
deviation) to the data set and evaluation of the goodness of fit. Whereas a clear optimum for the 
radius was obtained, a comparable goodness of fit was obtained for a broad range of the particle 
radius distribution widths and hence, the latter parameter hardly affected the goodness of fit (Fig. 
2.6). During this procedure the parameters I0, EV and De were freely adjustable. No significant 
increase of I0 and De could be detected with increasing R43 or σ, whereas the EV-value 
systematically increased with increasing R43, whereby the standard error of the EV-estimate 
followed the same trend as SSE. 
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Fig. 2.6: Two-way sensitivity analysis on the experimentally obtained W/Oh/W (left) and 
W/Os/W (right) emulsion diffusion data sets. SSE refers to the Sum of Squared Errors upon 
fitting Eq. 2.3 to the experimentally obtained diffusion data as obtained at ∆=220 ms. 
 
A next step consisted of the evaluation of the effect of σ on the outcome of the other predictor 
variables in the model. Therefore, three models were proposed. In the first model, the σ-value of 
the associated primary W/O emulsion was used (and hence, the model consisted of 4 freely 
adjustable predictor variables). In the second model, both σ and R43 of the associated primary 
W/O emulsion were used (and hence, 3 freely adjustable parameters were estimated). In the third 
model, all 5 predictor variables were freely adjusted. Hereby, the objective was to find an 
appropriate model for both the W/Oh/W and W/Os/W emulsion.  
Although a model with more predictor variables will generally fit the data better, the question 
also arises whether the best fitting parameters are physically plausible. The physical plausibility 
of the most important characteristics (EV and R43) was evaluated upon comparison of their values 
with results coming from light microscopy and NMR T2 relaxometry. 
Fig. 2.7a shows that the second model can be ruled out for the W/Oh/W emulsion as severely ill-
fitted diffusion echo decays were observed and the EV was underestimated (as compared to the 
T2 relaxometric EV-determination in section 3.3.2). This also showed that the droplet size might 
be affected by the second homogenization step and hence, might be different from their 
associated primary emulsion. The third model was inappropriate for the W/Os/W emulsion as 
unrealistically large estimates for the R43, σ and EV were obtained (Fig. 2.7b). In this specific 
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case, part of the external water was considered as enclosed, whereby the estimated very broad 
droplet size distribution comes from a similar behavior of free (i.e. considered as present in the 
largest droplets) and enclosed water. In contrast, the first model option was applicable for both 
types of double emulsion. For sake of completeness, the values for I0 and De were also estimated, 
for which no difference could be observed as a function of ∆ using the three models. 
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a b 
Fig. 2.7: Model exploration using the W/Oh/W (a) and W/Os/W (b) diffusion data. The model fit 
to the experimental diffusion data as measured at ∆=60 ms is included. 
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2.3.2 Sensitivity towards droplet size using the Murday and Cotts procedure  
To unravel the accessible water droplet radius range by low-resolution pfg-NMR diffusometry, 
the Murday and Cotts procedure was employed for simulation of water diffusion in droplets for 
different values of the average radius and standard deviation. In addition, the influencing 
instrumental NMR settings (e.g. ∆ and δ) were evaluated. 
In comparison to R43, the curvature of the echo decay for a certain geometric mean radius R00 of 
the number-weighted lognormal droplet radius distribution is less influenced by the geometric 
standard deviation σg (see Eq. 2.13). Therefore, the diffusion data were simulated for different 
values of R00 (between 0.05 and 500 µm) and a narrow or broad particle radius distribution was 
imposed (i.e. σg was 1.01 or 1.45, respectively).  
In this study, the possible NMR settings of the available low-resolution NMR spectrometer were 
applied, i.e. Gmin and Gmax-value of 0 and 3.17 T/m, δmin and δmax-value of 0.5 and 5 ms, ∆min-
value of 20 ms, as well as the standardly used δ-value of 2.5 ms and ∆-value of 220 ms. Some 
simulated diffusion echo signal decays as a function of G2 are shown in Fig. 2.8. 
Upon integration of the echo attenuation ratio signal for each R00-value as a function of the G2-
value, a sigmoidal curve is obtained as shown in Fig. 2.9 for σg=1.01. The minimum and 
maximum R00-value (Fig. 2.10) are obtained from the intersection of the upper and lower 
asymptotes with the tangent line at the midpoint, respectively. The lower asymptote coincided 
with the signal integration for free diffusing water (FW in Fig. 2.9) as calculated using the 
Stejskal-Tanner (1965) equation. While keeping the σg and ∆-value constant, the slope of the 
sigmoidal curve (around its midpoint) becomes steeper with increasing δ-value, which decreases 
the maximum R00-value and hence, it largely limits the accessible range of the pfg-NMR droplet 
sizing technique (Fig. 2.10). Noteworthy, the minimum applicable δ-value in practice depends on 
the gradient rise time. When keeping the δ-value constant, a very similar accessible R00-range is 
obtained for different ∆-values (Fig. 2.10).  
Overall, a dynamic droplet size range (i.e. the ratio of the maximum to the minimum) of about 10 
is obtained, which is quite small in comparison to other measuring techniques (about 20 within 
one single measurement of Coulter Counter and about 1000 for laser diffraction).  
Whereas the variation of G between 0 T/m and the spectrometer’s maximum of 3.17 T/m allows 
the determination of the minimum accessible R00 (i.e. about 0.5 µm), it is worth mentioning that 
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the maximum accessible R00 is larger than 10 µm when G would be varied between 0 T/m and 
values smaller than 3.17 T/m. 
 
  
Fig. 2.8: Simulated diffusion echo signal decay using an R00-value=1-3 µm and σg=1.15-1.45, 
using ∆=220 ms, δ=2.5 ms and G=0-3.17 T/m. 
 
 
 
Fig. 2.9: Integrated simulated diffusion echo signal decay as a function of R00 using σg of 1.01. 
The integrated echo attenuation ratio using R00= 1 µm (represented in blue in Fig. 2.8) and 
using R00= 3 µm (represented in red in Fig. 2.8) are indicated as a blue and red marker, 
respectively. G was varied between 0 and 3.17 T/m. 
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Fig. 2.10 also shows the accessible R43 range (as obtained using Eq. 2.13), whereby a broad 
distribution (σg=1.45) stretches the dynamic R43 range as compared to the accessible R00 range. 
 
σg = 1.01  σg = 1.45 
   
 
 
 
 
 
 
Fig. 2.10: The effect of instrumental NMR settings on the accessible water droplet radius range 
R00 and R43. G was varied between 0 and 3.17 T/m. 
 
Using the available NMR spectrometer and upon variation of G between 0 and 3.17 T/m, it is 
advised to preliminary measure the first and last echo intensity (i.e. at G=0 and 3.17 T/m, 
respectively) and to use a ∆-value larger than 20 ms to assure restricted diffusion over a broad 
particle size range. If the last echo intensity is not attenuated in comparison to the first data point, 
then the gradient duration should be increased. If the last echo intensity is in the noise level (e.g. 
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the red curve in Fig. 2.8), then the applied gradient duration (δ) should be reduced. This 
reasoning implicates that a large mean droplet size can be measured using a small gradient 
duration, as shown in Fig. 2.10. On the other hand, a smaller mean droplet size can be measured 
using a small or large gradient duration, provided that the last echo intensity is not in the noise 
level. Reference is made to van Duynhoven et al. (2002) regarding the practical optimization of 
droplet size analysis. 
In the next chapters, mostly a ∆-value between 60 and 220 ms was used, δ was set at 2.5 ms and 
G was varied between 0 and 3.17 T/m, as mostly emulsions were prepared with a mean droplet 
diameter of a few micrometers as qualitatively evidenced by confocal laser scanning microscopy. 
 
2.3.3 Simulation of exchange  
2.3.3.1 Input values for diffusion data simulation  
The input values for diffusion data simulation using the Pfeuffer model are shown in Table 2.4. A 
D2-value of 1.1E-9 m2/s was chosen, which is smaller than the diffusion coefficient of the bulk 
water phase (i.e. Ds = 1.2E-9 m2/s).  
The applicability of the Murday and Cotts procedure for droplet size determination under 
conditions of water exchange was evaluated in 2 steps. 
1) Diffusion data are simulated using the Pfeuffer procedure (Eq. 2.4) and values of D1′ , D2′ , p1 ′ and p2′  are calculated using Eq. 2.5-2.8 and input variables (Table 2.4). 
2) Diffusion data were analyzed using the Murday and Cotts procedure using Eq. 2.2 and Eq. 
2.3 to the W/O and W/O/W simulated diffusion data, respectively. 
 
2.3.3.2 Pfeuffer-simulation of 𝐃𝐃𝟏𝟏′ , 𝐃𝐃𝟐𝟐′ , 𝐩𝐩𝟏𝟏 ′ and 𝐩𝐩𝟐𝟐′  and diffusion echo decay  
In this section, the effect of exchange time τ1 on the Pfeuffer-simulated data was evaluated. Fig. 
2.11 shows the simulated values of D1′ , D2′ , p1 ′ and p2′  for a W/O and W/O/W emulsion. 
At slow exchange conditions (i.e. large exchange time τ1), the calculated D1′ , D2′ , p1 ′ and p2′  are 
approximately equal to D1, D2, p1 and p2. At fast exchange conditions (i.e. small exchange time 
τ1), calculated D1′ , D2′ , p1 ′ and p2′  differ from their effective counterparts at low q2-values.  
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Table 2.4: Applied parameters for simulation of the echo decay. 
 
Parameter  Value 
NMR diffusion delay (∆) 60 - 220 ms 
Gradient pulse duration (δ) 2.5 ms 
Gradient strength (G)  0 (1E-7)1 - 3.17 T/m (20 
points) 
   
Effective relative volume fraction of the inner compartment 
(p1) 
0.99 (W/O) or 0.25 (W/O/W) 
Effective relative volume fraction of the outer compartment 
(p2) 
0.01 (W/O) or 0.75 (W/O/W) 
Mean residence time in internal water compartment (τ1) 0.02 -10 s 
Mean residence time in external water compartment (τ2) Eq. 2.8 
Effective diffusion coefficient of the inner water phase (D1) Eq. 2.2 and Eq. 2.7 
Effective diffusion coefficient of the external water phase (D2) 1.1E-9 m2/s 
   
Input parameters for D1 determination  
Volume-weighted lognormal particle size distribution 
  
     Arithmetic mean radius (R43) 1.5 µm 
     Arithmetic standard deviation (σ) 0.25 µm 
Diffusion coefficient of the bulk inner water phase (Ds) 1.2E-9 m2/s 
Echo intensity at G=0 T/m (I0) 1 
1in order to make Eq. 2.6 conclusive for the 1st data point.  
 
 
Regarding the W/O and W/O/W data, a small exchange time mainly affects the values of D2′  and D1′ , respectively. Upon fast exchange, the values of D2′  and D1′  increase, which results in a faster 
attenuation of the W/O and W/O/W diffusion echo decay at low q2-values. The effect of the 
exchange time τ1 on the curvature of the simulated W/O and W/O/W echo decay is shown in Fig. 
2.12. In fact, the shape of the echo decay is mainly determined by the ratio τ1 / ∆, which is 
illustrated by an overlap of the simulated echo decay for the same τ1 / ∆-ratio using different ∆-
values (Fig. 2.12). 
 
 
 
CHAPTER 2 
 
50 
 
W/O 
  
  
W/O/W 
  
  
Fig. 2.11: Calculated q²-dependent D1′ , D2′ , p1 ′ and p2′  of a W/O and W/O/W emulsion using 
different τ1-values (0.02-10 s) and using ∆ = 0.1 s. See Table 2.4 for applied input parameters. 
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a b 
Fig. 2.12: Simulated echo decays for different τ1 and ∆-values for a W/O (a) and W/O/W (b) 
emulsion. The lines represent the echo decay using ∆-value of 0.1 s, whereas the markers represent 
the echo decays using other ∆-values resulting in identical τ1/∆-ratios. Applied input parameters are 
shown in Table 2.4.  
 
2.3.3.3 Diffusion data analysis using the Murday and Cotts procedure 
To evaluate the applicability of the Murday and Cotts procedure for droplet size determination of 
a W/O and W/O/W emulsion under conditions of water exchange, Eq. 2.2 and Eq. 2.3 were fitted 
to the Pfeuffer-simulated W/O and W/O/W diffusion data, respectively.  
Regarding the W/O diffusion data fitting, the estimated values of R43 were similar to the imposed 
one (i.e. R43 = 1.5 µm), provided that the mean residence time in the internal water compartment 
(τ1) was about 30 times larger than the ∆-value (Fig. 2.13). Lower τ1/∆-ratios (higher exchange 
rate) resulted in an overestimation of the droplet size, whereby the overestimation increases with 
the applied ∆-value.  
At high τ1/∆-ratios, the estimated σ-value was slightly larger (i.e. σ = 0.41 µm) than the imposed 
one (i.e. σ = 0.25 µm), which is due to an inherent overestimation of 0.15 µm when using the 
Pfeuffer model. The σ-overestimation increased with decreasing τ1/∆-ratio (from 50 to 2) and 
with increasing ∆. Upon imposing a smaller τ1/∆-ratio of 1 to 2, the overestimation decreased.  
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The coefficient of determination also followed a decreasing and increasing trend with increasing 
τ1/∆, but its minimum was reached at τ1/∆-ratio of 5. 
 
Regarding the W/O/W diffusion data fitting, the inner water droplet size, the enclosed water 
volume fraction and echo intensity at G=0 T/m were estimated. As reasoned in section 2.3.1, the 
σ-value was not taken as a freely adjustable parameter within the model, but was kept constant at 
0.25 µm.  
The estimated R43-value was similar to the imposed one (i.e. R43=1.50 µm), provided that the 
mean residence time in the internal water compartment (τ1) was about 2 times larger than the ∆-
value (Fig. 2.14). An asymptotic value of 1.43 µm was obtained for τ1/∆ ≥ 20. Lower τ1/∆-ratios 
(higher exchange rate) resulted in an overestimation of the droplet size, whereby the 
overestimation increases with increasing ∆.  
The estimated EV-value approximated the imposed one (i.e. p1=0.25), provided that τ1 was about 
30 times larger than the ∆-value (Fig. 2.14). Upon imposing a smaller τ1/∆-ratio (i.e. between 30 
and 0.4), the estimated EV-value was lower than the imposed one. A minimum of the estimated 
EV, as well as a minimum of the coefficient of determination was obtained at a τ1/∆-ratio of 0.5. 
For τ1/∆-ratios between 0.5 and 0, the EV and R2 approximated 10% and 1.000, which indicates 
that the minimum EV that can be estimated amounts to 10% using the applied settings for the 
Murday and Cotts procedure.  
At smaller τ1/∆ the available information that can be extracted from the echo decay at large q2 
decreases. Consequently, the analysis of mainly the faster decaying part (at small q2) results in an 
overestimation of R43. 
For both the W/O and W/O/W diffusion data analysis, the estimated I0-value approximated the 
imposed one (i.e. I0 = 1) at all τ1/∆-ratios (Fig. 2.13 and 2.14). 
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Fig. 2.13: Effect of water exchange on the estimation of R43, σ and I0 upon fitting of Eq. 2.2 to 
W/O simulated diffusion data under exchange conditions and insets. The fit to the relative trend 
is expressed by the coefficient of determination R2. The imposed R43, σ and I0 value amounted to 
1.5 µm, 0.25 µm and 1, respectively. 
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Fig. 2.14: Effect of water exchange on the estimated R43, EV and I0 upon fitting of Eq. 2.3 to 
W/O/W simulated diffusion data under exchange conditions and insets. The fit to the relative 
trend is expressed by the coefficient of determination R2. The imposed R43, σ, p1 and I0 value 
amounted to 1.5 µm, 0.25 µm, 0.25 and 1, respectively. 
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2.4. Conclusions 
The usefulness of low-resolution pfg-NMR diffusometry for water droplet size analysis and 
enclosed water volume fraction determination of W/O and W/O/W emulsions was evaluated 
using the Murday and Cotts procedure. The highest sensitivity of the water droplet size analysis 
of emulsions using the available NMR spectrometer settings was obtained for droplet radii within 
a quite narrow range of 0.5 to about 10 µm upon variation of the gradient strength between its 
minimum and maximum value. The particle size distribution width hardly affected the goodness 
of fit using the Murday and Cotts procedure to the diffusion data. Physically plausible W/O/W 
parameters were obtained when the distribution width of the associated W/O emulsion was 
included within the model. The effect of water exchange on the water droplet size and enclosed 
water volume fraction of W/O and W/O/W emulsions by low-resolution pfg-NMR diffusometry 
was clearly shown to be a function of the exchange rate τ1/∆. 
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Abstract 
 
Low-resolution pfg-NMR diffusometry and T2 relaxometry were applied for determination of the 
enclosed water volume fraction of liquid oil and solid fat based W/O/W emulsions. The two 
methods were critically evaluated with regard to the accurate determination of the enclosed water 
volume fraction of W/O/W emulsions upon variation of storage time, measurement temperature, 
data analysis methods and instrumental parameters (such as the NMR diffusion delay time and 
NMR relaxation delay). In addition, the applicability of both methods to investigate exchange 
kinetics in emulsion systems is demonstrated. 
Whereas pfg-NMR diffusometry enables the discrimination between internal and external water 
based on differences in diffusion behavior, the T2 relaxometry method is based on the relaxation 
behavior differences of the internal and external water upon addition of an external water soluble 
paramagnetic probe, such as manganese dichloride. Provided that data acquisition and data 
analysis were optimized to eliminate interfering effects, such as oil phase contribution, 
incomplete signal relaxation or exchange of water through the oil layer, both investigated NMR 
methods provided similar results. As compared to most alternative techniques, low-resolution 
NMR does not require the physical separation of both water phases. In addition, both low-
resolution NMR techniques do not require any tracer addition during multiple emulsion 
preparation, and hence can also be applied on existing formulations. Whereas T2 relaxation is 
faster and less affected by NMR parameters, pfg-NMR has the advantage that it does not require 
any sample pretreatment.  
 
Redrafted after Vermeir L., Balcaen M., Sabatino P., Dewettinck K. and Van der Meeren P. 
(2014). Influence of molecular exchange on the enclosed water volume fraction of W/O/W 
double emulsions as determined by low-resolution NMR diffusometry and T2 relaxometry. 
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 456, 129–138. DOI: 
10.1016/j.colsurfa.2014.05.022  
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3.1 Introduction 
During recent years, the water in oil in water (W/O/W) technology has attracted attention for the 
formulation of light foods as part of the oily dispersed phase is replaced by water (Dickinson, 
2011). The internal water fraction is an important characteristic of W/O/W emulsions and is of 
great interest for the optimization of double emulsion formulation, as well as in the control of 
stability and functionality. Hereby, the so-called enclosed water volume fraction (EV) is defined 
as the fraction of the total water that is present as internal water droplets.  
Mostly, the effectiveness of water encapsulation of a W/O/W emulsion is measured indirectly by 
the determination of the encapsulation efficiency of water soluble marker compounds added to 
the inner water phase (W1-phase) through their detection in the external W2-phase. However, 
there might be a discrepancy in behavior of the migration of water molecules and the marker 
compound following the preparation or storage of double emulsions.  
A wide range of applications of NMR spectroscopy for compositional analysis has been studied 
(Marcone et al., 2013). The usefulness of low-resolution pfg-NMR diffusometry and T2 
relaxometry to investigate the enclosed water volume of vesicular dispersions has recently been 
shown (Sabatino et al., 2011). Hereby, pfg-NMR diffusometry enabled to discriminate between 
internal and external water based on differences in diffusion behavior. T2 relaxometry, on the 
other hand, relied on differences in water relaxation behavior in the internal and external 
compartment upon application of an external water soluble paramagnetic probe. Whereas high-
resolution pfg-NMR diffusometry has been applied in a number of studies to determine the size 
of the internal water droplets (Wolf et al., 2009; Guan et al., 2010), to our knowledge, no research 
exists addressing the determination of the enclosed water volume fraction of double emulsions 
using low-resolution NMR. In this contribution, we critically evaluate the capabilities of low-
resolution pfg-NMR diffusometry and T2 relaxometry for the accurate determination of the 
enclosed water volume fraction of W/O/W double emulsions. First of all, the experimental 
parameters are optimized in order to reduce or eliminate artefacts during pfg-NMR. In addition, 
the effect of exchange reactions is evaluated by comparing the behavior of liquid oil and solid fat 
based double emulsions upon variation of the storage time and measurement temperature, and 
data analysis methods are tested to exclude exchange effects.  
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In contrast to the invasive and possibly destructive methods using marker compounds in the 
determination of the encapsulation efficiency, both investigated NMR techniques might offer a 
non-destructive alternative method applicable on existing double emulsions.  
 
 
3.2 Materials and methods 
3.2.1 Materials and emulsion preparation  
Manganese dichloride with purity better than 99.99% was purchased from Alfa Aesar under the 
form of MnCl2∙4H2O (Karlsruhe, Germany). All other applied materials, as well as the procedure 
for preparation of the Hoso-based emulsion (50:50 W/Oh and 20:20:60 W/Oh/W) and soft PMF-
based emulsion (50:50 W/Os and 20:20:60 W/Os/W) are described in section 2.2.1. 
For an additional experiment, 25:25:50 W/O/W emulsions were prepared, which only differ from 
the 20:20:60 W/O/W emulsions in the applied phase ratio, the use of commercial sunflower oil 
(Delhaize, Belgium) and the applied NMR tubes (18 mm outer diameter Teflon 
compartmentalized plastic tubes, Oxford Instruments, UK). 
The composition of the D2O-phase is identical to the W2-phase (see section 2.2.1), except for the 
replacement of deionized water by D2O (with purity of 99.8 atom %D, Armar Chemicals, 
Switzerland). The Mn2+-spiked D2O-phase contained 10.0% (v/v) 10 mM MnCl2 solution in 
D2O-phase.  
 
3.2.2 Low-resolution NMR 
Unless stated differently, NMR measurements were performed at 5 °C on a benchtop Maran 
Ultra spectrometer (Oxford Instruments, UK) operating at a frequency of 23.4 MHz.  
T2 distribution measurements were conducted using the Carr Purcell Meiboom Gill (CPMG) 
sequence. For a more detailed description of the principles of T2 relaxometry and its application 
in vesicular dispersions, we refer to Bakhmutov (2004) and Sabatino et al. (2011), respectively. 
T2 distributions were obtained by Contin analysis using the WinDXP 1.8.1.0 software (Oxford 
Instruments, UK), which can have the advantage over a discrete least-squares fitting to generate 
less spurious peaks in the distribution of exponentials due to the addition of a linear combination 
of functions for zeroth order regularization (Barros et al., 2006).  
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For CPMG experiments, 2.5% (v/v) 10 mM MnCl2 solution in water was added to the 20:20:60 
double emulsion, whereas Mn2+-spiked D2O-phase was added to the 25:25:50 double emulsion in 
a mass ratio of 30:100. The latter operation comes down to the addition of 2.4% (v/v) 10 mM 
MnCl2 solution to the 19.7:19.7:60.6 double emulsion. Hereby, the total sample volume remained 
within the detection window.  
Pulsed field gradient (pfg) NMR experiments were performed as explained in section 2.2.2. In 
this study, pfg-NMR measurements were conducted at 5, 15, 25 and 35 °C, at which the free self-
diffusion coefficient Ds of the bulk inner water phase amounted to 1.20E-9, 1.75E-9, 2.29E-9 and 
2.82E-9 m2/s, respectively.  
The applied NMR parameters are represented in Table 3.1. The relaxation delay (RD) in the 
diffusion and T2 relaxometric experiments was adjusted for each temperature based on the 
measured T1 relaxation time of the slowest relaxing component in the sample (i.e. water protons 
in the emulsion) in such a way that the RD-value was at least five times the T1-value. Spin-lattice 
relaxation times as a function of temperature were measured using the inversion recovery pulse 
sequence, which consisted of 100 data points from τ = 100 µs (in case of fat) or τ = 1000 µs (in 
case of water) to complete recovery of the longitudinal magnetization using sufficiently high 
relaxation delay values. Hereby, the τ-value is the time duration between the 180° and 90° radio 
frequency pulse.  
For the solid fat content determination by the direct method (AOCS cd 16b-93), a 90 ° radio 
frequency pulse is applied and the signal amplitude is measured on the Free Induction decay. For 
this purpose, 10 mm outer diameter glass NMR-tubes filled for at least 45 mm were needed. 
 
Table 3.1: Applied NMR parameters. 
 
  Temperature (°C) 
NMR parameter  5 15 25 35 
Relaxation delay (s)  10 11 16 17 
τnull soft PMF (ms)  57 60 71 90 
τnull Hoso (ms)  40 55 76 103 
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3.2.2.1 T2 relaxometry for determination of the enclosed water volume fraction 
CPMG-experiments on the double emulsion revealed that in the absence of MnCl2, no distinction 
between the internal and external water phase of a double emulsion can be made. Upon addition 
of the paramagnetic agent to the double emulsion, the external water is affected by the added 
MnCl2, due to which the protons will relax faster in comparison to the hardly affected inner water 
phase protons. Contin analysis of the CPMG-data of the W/O/W emulsion results in a T2 
relaxation distribution, which consists of the different relaxation modes. In absence of MnCl2, the 
inner and outer water phase result in a slow relaxation mode in the T2 relaxation distribution, 
whereas the signal of slowly (i.e. in the inner water droplets) and fast relaxing water protons (i.e. 
in the external water phase) can be discerned in the T2 relaxation distribution of the W/O/W 
emulsion upon addition of MnCl2. 
The enclosed water volume fraction (EV) of W/O/W emulsions is the fraction of the total water 
that is present as internal water droplets. From Eq. 3.1, the EV may be calculated by considering 
the slow relaxation modes of the T2 distribution in the presence (i.e. W/O/Wm) and absence of 
MnCl2 (i.e. W/O/W): whereas the former is only proportional to the enclosed water, the latter 
corresponds to both internal and external water. 𝐸𝐸𝐸𝐸 (%) =  𝐴𝐴𝑊𝑊𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄ 𝑚𝑚𝐴𝐴𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄ ∙ (1 + 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝑙𝑙2𝐸𝐸𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄ ) ∙ 𝑚𝑚𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄𝑚𝑚𝑊𝑊 𝑂𝑂 𝑊𝑊𝑚𝑚⁄⁄ ∙ 100% (3.1) 
Where AWs  refers to the integrated peak area of slowly relaxing water of the Mn2+-doped 
W/O/Wm emulsion, whereas AW is the integrated signal of the water protons in the T2 distribution 
of the W/O/W emulsion without manganese dichloride. The dilution effect is taken into account 
in the second term of Eq. 3.1, where VMnCl2  is the volume of manganese dichloride added and VW 
is the original water volume of the W/O/W emulsion. The third term normalizes the values of AWs and AW  by the mass of the W/O/Wm and W/O/W emulsion, respectively.  
Alternatively, the EV can be calculated by comparison of the slow relaxation mode of the Mn2+-
doped double emulsion to the water signal of the external water phase (Eq. 3.2): 𝐸𝐸𝐸𝐸 (%) =  𝐴𝐴𝑊𝑊𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄ 𝑚𝑚𝐴𝐴𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊2 ∙ 1𝜙𝜙𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄  ∙ (1 + 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝑙𝑙2𝐸𝐸𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄ ) ∙ 𝑚𝑚𝑊𝑊2𝑚𝑚𝑊𝑊 𝑂𝑂 𝑊𝑊𝑚𝑚⁄⁄ ∙ 100% (3.2) 
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Where AW  and ϕW refer to the integrated peak area of the bulk external water phase and the total 
water volume fraction in the W/O/W emulsion (i.e. 0.8 in our experiments), respectively.  
Noteworthy, the measurements were performed at equal RG-value. 
It is worth mentioning that in our study both the non-discrete (i.e. using the WinDXP software) 
and the discrete approach were attempted, which gave similar values of the relaxation time and 
signal amplitude for the W/Oh/W and W/Oh/Wm (and W/Os/Wm) emulsions. Hereby, the non-
continuous fit of the data was performed according to a bi- and tri-exponential function, 
respectively. As less residual error for W/Os/W data fitting was obtained using Contin analysis 
than for the discrete approach, the former fitting was preferred for all samples (Barros et al., 
2006). 
 
3.2.2.2 Pfg-NMR diffusometry for determination of the enclosed water volume fraction 
3.2.2.2.1 Murday Cotts model including a free water compartment 
The pfg-NMR diffusometric method for determination of the enclosed water volume fraction of 
W/O/W emulsions using the Murday and Cotts procedure is described in section 2.2.3. The 
enclosed water volume fraction (EV), the arithmetic mean radius (R43) of the lognormal volume-
weighted inner water droplet size distribution, the effective diffusion coefficient in the external 
water phase (De) and the echo intensity in the absence of a magnetic field gradient (I0) were 
determined by performing a least-squares fit of the Murday and Cotts model (EMCFW, Eq. 2.3) to 
the echo intensity data using Matlab 7.50.342 (R2007b) software (The MathWorks). For reasons 
of unreliable estimations, the arithmetic standard deviation of the lognormal distribution was not 
taken as a freely adjustable parameter within the model, but was kept constant at 0.25 µm, as 
evidenced by light microscopy (data not shown). It is noteworthy that this approach can be 
employed for W/O/W emulsions with a narrow inner water droplet size distribution. In the case 
of a broad size distribution, part of the water molecules in the larger inner water droplets will 
contribute to the signal of the free diffusing water and hence, the enclosed water volume might be 
underestimated (Lönnqvist et al., 1997).  
When water exchange between the different water compartments occurs during the measurements, 
the amplitudes of the (quasi) bi-exponential fitting will only yield an apparent internal water 
fraction. Hereby, the apparent EV refers to the EV that is influenced by exchange, which equals 
the real EV in the absence of exchange. The real enclosed water volume fraction (EV) might be 
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approximated by extrapolation of the apparent values as a function of the diffusion delay ∆ to 
zero diffusion delay (∆=0 ms). However, as soon as the ∆-value becomes too small, the diffusion 
of the inner water phase protons is no longer restricted, the quasi bi-exponential decay changes 
into a mono-exponential decay and the estimation of the enclosed water volume fraction (and of 
the volume-weighted arithmetic mean radius R43 of the inner water droplets) becomes less 
reliable.  
 
3.2.2.2.2 Bi-exponential approximation 
Performing pfg-NMR at fixed values of δ and ∆, Eq. 2.3 may be converted into Etot = EV∙ exp [-
a∙G2]+ (1-EV)∙ exp [-b∙G2]. Hence, the experimental echo attenuation ratio as a function of 
gradient strength can be fitted by a bi-exponential function, e.g. using Sigma Plot 2000 6.0. 
software (SPSS Inc.). 
 
3.2.3 Statistical analysis 
Unless stated differently, the error bars in the graphs represent the empirical standard deviation of 
3 repetitions. The uncertainty of the estimated enclosed water volume fraction values was 
expressed as a 95% confidence interval using the standard error obtained from linear regression 
or by the Monte Carlo method (Motulsky and Ransnas, 1987). Regarding the comparison of 
model fitting with a different number of parameters of the diffusion data, the applied measure of 
goodness-of-fit was the root mean squared error (RMSE), whereas the fit to relative trend was 
measured by the adjusted R2-value. Hereby, RMSE equals √𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀−𝑝𝑝, where SSE is the squared sum 
of differences between the experimental and fitted data, n is the sample size and p is the number 
of freely adjustable parameters within the model. The adjusted R2-value equals [1 − 𝑀𝑀−1𝑀𝑀−𝑝𝑝 ∙(1 − 𝑅𝑅2)]. 
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3.3 Results and discussion 
3.3.1 Adequate sampling 
In order to assess the detection zone of the low-resolution NMR instrument used, an 18 mm outer 
diameter glass NMR-tube (Oxford Instruments, UK) was gradually filled with deionized water. 
The integrated peak area in the T2 distribution increased linearly for a water volume between 3.7 
and 9.2 mL. As the NMR tubes used cause a sample height of 5.51 mm/mL, the specified water 
volumes can be converted to a 30 mm detection window width located between 20.5 and 50.5 
mm height (Zhu et al., 2013). Hence, the samples were elevated in the spectrometer with a 27 
mm height Teflon spacer in order to ensure that their bottom was located within the detection 
window. Moreover, the sample tubes were filled with 2.36 g of Hoso-based W/O/W(m) emulsion 
or 2.66 g of soft PMF-based W/O/W(m) emulsion in order to obtain about 15 mm height. As such, 
the whole sample content was detected and hence phase separation is not expected to have an 
effect on the experimental data. 
 
3.3.2 T2 relaxometry upon MnCl2 addition  
The T2 distribution of the external water phase, the non-doped and Mn2+-doped Hoso-based 
W/O/W emulsions, as well as its primary W/O emulsion are shown in Fig. 3.1. Similar T2 
distributions were obtained for the soft PMF-based emulsions, albeit characterized by a smaller 
fat contribution. The water protons of the bulk W2-phase, the water phase of the W/O emulsion, 
as well as the water phases of the W/O/W emulsion in absence of MnCl2 are characterized by a 
relaxation time of about 1 s, hereafter called slowly relaxing water. Upon addition of MnCl2 to 
the double emulsion, the major part of the water proton signal shifts to a relaxation time of less 
than 0.1 s (i.e. fast relaxing water), whereas a smaller part is only weakly affected. The signal of 
the triglyceride protons of the Hoso or soft PMF fat phase is characterized by a relaxation time of 
some ms to tens of ms. This broadly distributed signal overlaps with the fast relaxing water of the 
Mn2+-doped W/O/W emulsion, but does not interfer with the signal of the slowly relaxing water. 
For the Hoso-based multiple emulsion, the bimodal T2 distribution (with signal intensities of 328 
± 6 and 1050 ± 6 for the fast and slow mode) was changed to a trimodal distribution upon MnCl2 
additon. The latter was characterized by signal intensities of 11 ± 4, 1159 ± 12 and 232 ± 6 for 
the fast, medium and slow relaxation mode, respectively. The data were obtained after mass 
normalization in less than 3 h after preparation and storage at 5 °C. 
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Fig. 3.1: T2 relaxation time distribution of Hoso-based double emulsion with (W/Oh/Wm) (○) and 
without 2.5% (v/v) 10 mM MnCl2 (W/Oh/W) (●), as well as of its primary W/O emulsion (full 
line) and of the external water phase (+). All measurements were performed at 5 °C. 
 
3.3.2.1 Influence of experimental parameters 
3.3.2.1.1 Effect of storage time  
The enclosed water volume fraction of the double emulsions on the day of preparation, as well as 
after 1, 2, 4, 5 and 7 days of storage at 5 °C upon addition of 2.5% (v/v) MnCl2 to the 20:20:60 
W/O/W emulsion was calculated by T2 relaxometry. Hereby, similar values of enclosed water 
volume fraction (EV) were estimated using Eq. 3.1 or Eq. 3.2 (Fig. 3.2). The EV-values obtained 
(using Eq. 3.1) within the first 24 h upon addition of the paramagnetic probe were quite alike. For 
the Hoso-based double emulsion the EV amounted to 22.75 ± 1.43% and 21.97 ± 0.24% after 2 h 
and 19 h of storage at 5 °C, whereas it amounted to 18.60 ± 0.58% and 17.79 ± 0.58% for the soft 
PMF-based double emulsion, respectively. After one day of storage, the estimated values of 
enclosed water volume fraction (Fig. 3.2) were found to decrease with storage time as attributed 
to a decrease in integrated signal intensity of the slowly relaxing water protons (i.e. AWs) of the 
Mn2+-doped double emulsion. Its decreasing tendency as a function of storage time was further 
evidenced by the very low estimated values of enclosed water volume fraction (< 2%) for the 
W/Oh/W emulsion after about one month of storage at 5 °C. However, light microscopy still 
revealed the presence of inner water droplets in this aged W/Oh/W emulsion (data not shown).  
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Fig. 3.2: Enclosed water volume fraction of the soft PMF-based (squares) and Hoso-based 
(triangles) W/O/W emulsion as a function of storage time at 5 °C, as calculated by T2 
relaxometry using Eq. 3.1 (solid markers) or Eq. 3.2 (empty markers) upon addition of 2.5% (v/v) 
10 mM MnCl2. The line is the linear extrapolation of the apparent enclosed water volume fraction 
(using Eq. 3.1) as a function of storage time to the time of MnCl2 addition. 
 
Therefore, the observed decrease as a function of time is related to the apparent rather than the 
real enclosed water fraction. This was further demonstrated by a significant upward shift in T2 of 
the fast relaxing water signal of both the soft PMF and Hoso-based W/O/Wm emulsion by 0.33 
ms/day (95% confidence: 0.29 to 0.37) and 0.66 ms/day (95% confidence: 0.61 to 0.70) as a 
function of storage time at 5 °C, respectively. This indicates a lowered Mn2+ concentration in the 
continuous phase of the emulsion which is thought to be due to repartitioning towards the internal 
water phase, rather than being entirely due to dilution of the continuous water phase upon release 
of a fraction of the inner water phase with storage time. The molecular exchange of the relaxation 
agent like previously described for Gd-DTPA (Bernewitz et al., 2013) might be attributed to its 
finite solubility in the oil, as well as to PGPR mediated micellar transport (Bernewitz et al., 2013; 
Choi et al., 2010). 
The effect of storage time on the T2 distribution of the Hoso-based double emulsions is given in 
Fig. 3.3. Considering the slowly relaxing water, no significant change in relaxation time after one 
week of storage time could be observed for the solid fat based double emulsion upon addition of 
manganese dichloride, whereas a significant decrease by 16.64 ms/day (95% confidence interval: 
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-20.22 to -13.08) was found for the liquid oil based double emulsion. In case of the soft PMF-
based W/O/Wm emulsion, this might indicate the presence of two types of inner water droplets. 
On the one hand, there might be a fraction of droplets that is unaffected by the redistribution of 
the manganese chloride over the water phases. On the other hand, some droplets are strongly 
affected and their signal becomes included in the fast relaxing water pool, whereas initially they 
were part of the slowly relaxing water. Consequently, this non-resistent inner water droplet pool 
of the W/Os/Wm emulsion results in an apparent decrease of the estimated enclosed water volume 
fraction. Regarding the Hoso-based W/O/Wm emulsion, the downward shift of the slow relaxing 
water indicates an increase in Mn2+ concentration in the inner water droplets upon its influx from 
the outer water phase. This downward shift is larger than the upward shift of the fast relaxing 
water as attributed to the former’s smaller volume. Hereby, the preservation of the resolution of 
both signals upon redistribution of the manganese chloride is reflected in little effect on the 
estimated enclosed water volume fraction of the W/Oh/Wm emulsion after some days of storage.  
 
3.3.2.1.2 Effect of sample temperature  
Sabatino et al. (2011) described that the measurement temperature should be below the phase 
transition temperature of the bilayers for a reliable determination of the enclosed water volume 
fraction of vesicular dispersions using low-resolution NMR techniques. Therefore, the effect of 
sample temperature on the determination of the enclosed water fraction of liquid oil and solid fat 
based W/O/W emulsions was investigated for T2 relaxometry as well as for pfg-NMR 
diffusometry (in section 3.3.3.2.2). 
The T2 distributions of three samples of each composition of the 20:20:60 double emulsion with 
or without 2.5% (v/v) 10 mM MnCl2 were recorded on the 2nd day after preparation (upon storage 
at 5°C) at a temperature of 5, 15, 25 and 35 °C after 1h thermal equilibration at these holding 
temperatures (Fig. 3.4). The relaxation time of the different relaxing proton groups increased with 
temperature and their resolution in the T2 distribution remained upon increase of temperature. 
The integrated peak area of the triglyceride protons in the W/Os/W and W/Oh/W emulsion 
changed with temperature in the same manner as in the bulk phase (Fig. 3.5). Upon a temperature 
rise from 5 to 35 °C, the signal amplitude for soft PMF increased about threefold, whereas it 
decreased (albeit to a much lesser extent) for Hoso. This can be explained by two counteracting 
phenomena affecting the signal intensity. On the one hand, as long as the liquid fat content is 
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lower than 100%, an increase in temperature results in a decrease of the degree of fat 
crystallization and consequently, an increase of the contribution of mobile protons in the fat 
fraction and signal intensity. 
  
a b 
  
c d 
Fig. 3.3: T2 distribution (a,b) and the relaxation time of the fast (■) and slowly (◆) relaxing 
water signal (c,d) of the Hoso-based W/O/W (a,c) and the soft PMF-based W/O/W (b,d) 
upon addition of 2.5% (v/v) 10 mM MnCl2 after 1 day (○) and after 7 days ( ) of storage 
time at 5 °C. 
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a  
b  
Fig. 3.4: T2 distribution at different temperatures of the Hoso-based W/O/W without (a) and upon 
addition of 2.5% (v/v) 10 mM MnCl2 (b). 
 
From the very significant direct proportionality (R2=0.9615) between the signal intensity and the 
liquid fat content of soft PMF, it may be concluded that only protons from the liquid fat fraction 
of soft PMF are detected by T2 relaxation measurements. On the other hand, the equilibrium 
nuclear magnetization of all substances is negatively affected by temperature according to the 
Boltzmann’s distribution (Gultekin and Gore, 2005). As the second effect contributes to a lesser 
extent, the overall result is an increase of signal intensity for partially crystalline soft PMF. 
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Fig. 3.5: Integrated peak area of triglyceride protons of the Hoso (+) and soft PMF-based () 
W/O/W emulsions as obtained from the T2 distribution without addition of 2.5% (v/v) 10 mM 
MnCl2, as well as of the bulk soft PMF and Hoso phase with (●, ■, resp.) or without 2.5 (w/v) % 
PGPR (○,□, resp.). The inset shows the solid fat content profile of soft PMF with or without 2.5 
(w/v) % PGPR. 
 
Based on the T2 distributions, the enclosed water volume fraction was determined (using Eq. 3.1) 
of the W/O/W emulsion at the different sample temperatures (Fig. 3.6). The estimated enclosed 
water volume fraction at 5, 15, 25 and 35 °C amounted to 16.01 ± 1.34%, 14.51 ± 0.88%, 16.78 ± 
1.56% and 18.23 ± 0.72% for the soft PMF-based double emulsion, and 21.10 ± 1.13%, 21.97 ± 
0.88%, 22.68 ± 2.51% and 22.77 ± 3.10% for the Hoso-based double emulsion, respectively. 
Hence, the estimated EV-values of both the Hoso and soft PMF-based double emulsions were not 
significantly affected by temperature within a broad temperature range from 5 to 25 °C. 
Considering the larger confidence intervals at 25 °C, it is recommended to measure at 5 or 15 °C. 
For the sake of completeness, it has to be mentioned that a slightly higher EV-value was obtained 
at 35 °C for the soft PMF-based double emulsion, which was mainly due to a decrease of the 
integrated peak area of the slowly relaxing water of the sample without Mn2+.  
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Fig. 3.6: Enclosed water volume fraction of the soft PMF-based (■) and Hoso-based (▲) W/O/W 
emulsion as a function of measurement temperature, as measured after 2 days of storage at 5 °C 
and as calculated by T2 relaxometry (using Eq. 3.1) upon addition of 2.5% (v/v) 10 mM MnCl2. 
Error bars denote the 95% confidence interval. 
 
3.3.2.2 Addition of Mn2+-spiked D2O-phase 
In this experiment, the water exchange kinetics of a 25:25:50 W/O/W emulsion were investigated 
upon addition of Mn2+-spiked D2O-phase with equal osmotic pressure as the W2-phase. Hereby, 
D2O is not detected by 1H NMR and the EV was measured within the first 24 h upon addition of 
the paramagnetic probe, during which Mn2+ repartitioning was negligible.  
Depending on the permeability through the oil layer between the water phases, a negligible 
redistribution of D2O (and H2O) would result in an estimated EV equal to the value before D2O-
dilution. On the other hand, D2O entering the internal water phase (and hence, water departing 
the internal water phase) would result in a decrease in EV until complete redistribution.  
The EV of the shaken mixture of Mn2+-spiked D2O-phase and the 25:25:50 double emulsion was 
measured at 5 °C within 3 minutes and compared to the EV of the Mn2+-spiked double emulsion 
(without addition of D2O). Fig. 3.7 indicates that the EV must have rapidly decreased from 32% 
to 21% upon addition of D2O-phase. The former value approximates the theoretical EV 
maximum of 33% = 2525+50 ∙ 100%, whereas the latter is close to the calculated EV at complete 
water redistribution, i.e. 24% = [ 18.418.4+56.6 ∙ 100%]𝐻𝐻2𝑂𝑂, whereby the inner and outer water phase 
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contains 6.6 g and 20.4 g D2O, respectively. The fast EV decrease indicates rapid randomization 
of D2O and H2O over the W1 and W2-phase in the time frame of the measurement. 
 
 
Fig. 3.7: Enclosed water volume fraction of the double emulsion as a function of storage time at 
5 °C as measured by T2 relaxometry using Eq. 3.1 upon addition of 3% (v/v) 10 mM MnCl2 
(squares) and upon addition of 30 wt% D2O-phase spiked with 10.0% (v/v) 10 mM MnCl2 
(circles).  
 
3.3.3 Pfg-NMR diffusometry 
3.3.3.1 Parameter optimization 
In pfg-NMR data acquisition, several parameters may have an impact on the obtained results, 
whereby inappropriate settings may lead to erroneous results.  
 
3.3.3.1.1 Efficiency of oil suppression 
In order to evaluate the applicability of pfg-NMR diffusometry for enclosed water volume 
fraction determination at 5, 15, 25 and 35 °C, the efficiency of an inversion recovery presequence 
was assessed by performing a diffusion experiment, identical to the one for emulsions, on the fat 
phase with an equal mass as present in the W/O/W emulsion. As such, the contribution of the 
PGPR containing soft PMF-phase at 5 °C and 15 °C to the intensity of the double emulsion was 
negligible, because it was lower than the empirical standard deviation of 3 repetitions for each 
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measured echo intensity of the W/Os/W sample. Upon increase of temperature, the more liquid 
fat molecules substantially contributed to the signal intensity. Therefore, data were fitted to the 
model of the measured signal intensity of the W/Os/W emulsion after fat phase signal subtraction. 
Regarding the Hoso-based W/O/W emulsions, Hoso molecules contributed at all measurement 
temperatures to the signal intensity (albeit with an intensity that is hardly 2% of the water 
contribution) and hence, the data obtained at each temperature were corrected for the oil 
contribution. Fig. 3.8 shows the signal contribution of the individual oil and external water phase 
in comparison to the Hoso-based double emulsion as measured at 5 °C. In Fig. 3.9, it is clear that 
the enclosed water volume fraction is overestimated when the oil correction is not taken into 
account. This is a logical consequence of the fact that the oil molecules are slowly diffusing and 
hence are erroneously considered as enclosed water. Hereby, a less pronounced effect of the oil 
contribution to the estimated inner water droplet size was observed at larger ∆-values (data not 
shown). In fact, at higher G-values the detected echo intensity of the W/O/W emulsion can 
mainly be attributed to the water diffusion in the inner water droplets, at which the fat 
contribution becomes very small as a consequence of the faster T1 relaxation of oil as compared 
to water. 
 
Fig. 3.8: Echo intensity contribution of the 2.5 (w/v) % PGPR containing Hoso-phase (■) and 
W2-phase (*) in the amount present as the applied mass during preparation of the Hoso-based 
W/O/W emulsion, all measured by variation of the G-value at a ∆-value of 60 ms at 5 °C. Both 
the uncorrected (◇) and corrected (◆) experimental data for oil signal contribution of the 
W/Oh/W emulsion are shown. 
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Fig. 3.9: Enclosed water volume fraction of the Hoso (triangles) and soft PMF-based (squares) 
W/O/W emulsion as a function of diffusion delay value ∆, as determined by pfg-NMR 
diffusometry (using Eq. 2.3) after 1 day of storage at 5 °C. The solid and empty triangles 
represent the data with and without consideration of the oil signal contribution, respectively. The 
line and circular marker (with confidence interval) represent the linear extrapolation of the 
apparent enclosed water volume fraction (using Eq. 2.3) to zero diffusion delay. 
 
3.3.3.1.2 Effect of diffusion delay value  
For determination of the enclosed water volume fraction, pfg-NMR experiments were performed 
at diffusion delay values ranging from 60 to 300 ms (Fig. 3.9). The fitting of Eq. 2.3 to the 
experimental echo intensities of the soft PMF-based double emulsion using a ∆-value of 60 ms is 
shown in Fig. 3.10. 
Fitting the model to the echo decay data enables the estimation of the enclosed water volume 
fraction by pfg-NMR diffusometry. Upon increase of the applied ∆-value, the apparent enclosed 
water volume fraction of the soft PMF-based and Hoso-based double emulsion decreased (Fig. 
3.9), albeit not significantly (see section 3.3.3.2.2). The decreasing tendency is most probably due 
to exchange of water through the oil layer between the internal and external water phase. As such, 
the water diffusion is less hindered and hence leads to an underestimated enclosed water fraction.  
To reduce this interfering water exchange effect, a small value of the diffusion delay is preferred. 
However, at too small values, the diffusion of the water molecules in the water droplets becomes 
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hardly hindered and hence a reliable estimation of the enclosed volume becomes problematic. 
Due to these 2 effects, it follows that an appropriate selection of the diffusion delay is not 
straightforward. In practice, the recommended diffusion delay value would be the lowest possible 
one for which the resulting echo decay of a certain W/O/W emulsion can be fitted better by a bi-
exponential fit than a mono-exponential fit.    
 
Fig. 3.10: Experimental and fitted normalized echo intensity of the soft PMF-based W/O/W 
emulsion after 1 day of storage at 5 °C upon variation of the G-value using a ∆-value of 60 ms. 
The markers represent the experimental data of the W2-phase (), the W/Os (○) and W/Os/W 
emulsion (■), whereas the full and dashed-dotted line refer to the fitted echo intensity using Eq. 
2.3 and a simple bi-exponential function, respectively. 
 
Extrapolation of the apparent enclosed water volume fraction (derived from Eq. 2.3) of the Hoso 
and soft PMF-based W/O/W emulsion as a function of diffusion delay to zero diffusion delay 
after 1 day of storage at 5 °C resulted in an EV-value of 23.07 ± 1.24% and 18.56 ± 0.27%, 
respectively (Fig. 3.9). In comparison, the EV-value of the W/Oh/W emulsion obtained at the 
lowest applied diffusion delay values (i.e. 60 ms and 100 ms) amounted to 22.67 ± 0.45% and 
22.09 ± 0.63%, whereas for the W/Os/W emulsion the corresponding EV-value was 18.00 ±  
0.26% and 17.99 ± 0.09%, respectively, which reflect the values obtained by extrapolation quite 
well. These confidence intervals overlap with the ones obtained by T2 relaxometry (using Eq. 3.1) 
upon extrapolation as a function of storage time at 5 °C to zero storage time (i.e. time at which 
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MnCl2 was added), for which the EV-value amounted to 22.34 ± 0.60% and 18.19 ± 1.28%, 
respectively. The comparable outcome obtained from two independent methods indicates that the 
estimated enclosed water volume fraction designates the real enclosed water volume fraction. 
It is worth mentioning that for both the Hoso and soft PMF-based W/O/W emulsion, a bi-
exponential function was able to fit the data equally well (Fig. 3.10) and yielded similar EV-
values as by using Eq. 2.3 (Table 3.2). In fact, both fittings completely overlap in Fig. 3.10. 
Hence, bi-exponential fitting offers a simple alternative to the more complex physical model. The 
parameters a and b (see section 3.2.2.2.2) of this bi-exponential fitting correspond to a unique 
value for the effective diffusion coefficient of the inner (Di) and outer (De) water phase, 
respectively, which indicates that the inner water droplets are characterized by a rather narrow 
droplet size distribution. In addition, Fig. 3.10 shows that the bi-exponential decay of the 
W/Os/W emulsion can be considered as the superposition of the W2-phase and of W/Os emulsion.  
 
Table 3.2: Estimated enclosed water volume fraction and the 95% confidence interval of the soft 
PMF and Hoso-based W/O/W emulsion as measured at a ∆-value of 60 ms after 1 day of storage 
at 5 °C using pfg-NMR diffusometry (Eq. 2.3 and the bi-exponential function). 
 
Fitting method  Eq. 2.3  Bi-exponential 
  EV (%) Radj2 RMSE  EV (%) Radj2 RMSE 
W/Os/W  18.00 ± 0.26 0.9996 0.0084  17.73 ± 0.07 0.9996 0.0085 
W/Oh/W  22.67 ± 0.45 0.9996 0.0086  22.14 ± 0.47 0.9997 0.0075 
 
 
3.3.3.1.3 Effect of the relaxation delay value  
An appropriate relaxation delay (RD) value is important for obtaining accurate results. Whereas a 
too long RD-value redundantly increases the measurement duration, an inadequate relaxation 
delay (RD) value clearly affects the echo decay. Hence, parameter optimization is essential. As a 
rule of thumb, an RD-value of at least 5 times the T1 relaxation time is generally advised. At 5 °C, 
the T1 relaxation time of the water phase was found to be 1.3 s, from which a minimal RD-value 
of 6.5 s follows. The effect of the RD is shown for a double emulsion as measured at 5 °C in Fig. 
3.11. In particular, too short RD-values mainly negatively affect the echo intensities at low G-
values (Fig. 3.11). As this part of the echo decay is associated with the external water 
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compartment of the double emulsion, it follows that the underestimation of the echo signal at low 
G-values will result in an overestimation of the enclosed water volume fraction. As an example, 
the apparent EV-values were 17.6, 16.0, 15.8 and 15.4% at RD-values of 1, 3, 6 and 10 s, 
respectively for a soft PMF-based W/O/W emulsion measured at 5 °C with a diffusion delay of 
220 ms. Hereby, the experimentally obtained signal amplitudes at low G-values are in good 
agreement with the calculated ones using the T1 relaxation times of the signal-contributing phases. 
In case of a negligible signal contribution of the fat phase, such as in the diffusion experiment of 
the soft PMF-based W/O/W emulsion, the first echo intensity is calculated (i.e. using a T1 
relaxation time of the water phase of 1.3 s) to be reduced by 47%, 10% and 1% when applying an 
RD-value of 1, 3 and 6 s, respectively (Métais and Mariette, 2003). 
 
Fig. 3.11: Echo intensity of the soft PMF-based W/O/W emulsion as a function of the gradient 
strength (G) using a relaxation delay value of 1 s (○), 3 s (◇), 6 s (□), and 10 s (■) and a ∆-value 
of 220 ms as measured at 5 °C. The inset shows the echo intensity at low G-values. 
 
3.3.3.2 Influence of experimental parameters 
3.3.3.2.1 Effect of storage time  
Considering the enclosed water volume fraction data of both the soft PMF and Hoso-based 
multiple emulsions, as measured after 1 and 7 days of storage at 5 °C, no significant changes 
were observed, irrespective of the diffusion delay value considered. Moreover, these data also 
provide an additional indication that the apparent decrease in enclosed water volume, as derived 
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from T2 relaxation as a function of the time after Mn2+ addition is caused by redistribution of the 
paramagnetic ions rather than by structural changes within the multiple emulsions.   
 
3.3.3.2.2 Effect of sample temperature  
To evaluate the effect of temperature on the characteristics of the double emulsion by pfg-NMR 
diffusometry, the enclosed water volume fraction at 5 °C and at elevated measurement 
temperatures (15-25-35 °C) was obtained using Eq. 2.3, which is shown in Fig. 3.12 for the 
Hoso-based W/O/W emulsions as measured at a ∆-value of 220 ms. Afterwards, all heated 
samples were reanalyzed upon cooling to 5 °C. 
 
Fig. 3.12: Experimental and fitted echo intensity of the Hoso-based W/O/W emulsion as 
measured at 5 °C (●), 15 °C (◆), 25 °C (▲) and 35 °C (■) using a ∆-value of 220 ms. The 
markers represent the experimental data, whereas the lines refer to the fitted echo intensity using 
Eq. 2.3 on the diffusion data. 
 
As explained in section 3.2.2.2.1, the extrapolation towards zero diffusion delay (i.e. the intercept) 
should represent the true enclosed water volume fraction. Concerning the Hoso-based W/O/W 
emulsion (Table 3.3), no significant effect of the measurement temperature is observed. In 
addition, measurements at 5°C after a preliminary measurement at 15, 25 or 35 °C yielded 
estimated EV-values that differed less than 1% (at any diffusion delay) from the values obtained 
at 5°C prior to the measurements at higher temperature. 
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Whereas a negative slope is obtained in all cases, it is not significantly different from zero in 3 
out of 4 cases (Table 3.3). Comparing soft PMF to Hoso, the slope is always smaller in the 
former case, which may be explained from the higher SFC and hence lower permeability of the 
oil phase.  
 
Table 3.3: Linear regression analysis with 95% confidence interval of the apparent enclosed 
water volume fraction obtained using pfg-NMR diffusometry (Eq. 2.3) of the soft PMF and 
Hoso-based W/O/W emulsion at different temperatures as a function of diffusion delay. 
 
T (°C) Oil phase Slope (%/ms) Intercept(1) (%) R2 
5 Hoso -0.016 ± 0.018   21.8 ± 2.4a,b 0.72 
15  -0.016 ± 0.018   21.6 ± 2.4a,b 0.73 
25  -0.022 ± 0.007 23.5 ± 0.9a 0.97 
35  -0.011 ± 0.012 20.7 ± 1.5b 0.76 
     
5 Soft PMF -0.004 ± 0.004 17.7 ± 0.5a 0.84 
15  -0.005 ± 0.001 18.9 ± 0.2b 0.98 
25  -0.012 ± 0.020 22.5 ± 2.6c 0.56 
35  -0.006 ± 0.008 22.0 ± 1.0c 0.71 
(1) Different superscripts within the same oil phase indicate 
significant differences (with 95% confidence interval) 
 
With respect to the estimated enclosed water volume fraction of the soft PMF-based double 
emulsion, a significant increase from about 18% at 5 °C over 19% at 15 °C to 22% at 25 or 35 °C 
was observed (Table 3.3). As this effect only occurs with soft PMF and not with Hoso, it seems 
to be linked to fat crystallization, which is known to give rise to contraction. Upon subsequent 
cooling of the heated double emulsion samples, the estimated enclosed water volume fraction 
decreased to the level of the non-heated sample, i.e. within the 17% to 18% range at any diffusion 
delay, irrespective of the preliminary heating temperature. This temperature reversibility proves 
that no permanent structural changes of the emulsion had occurred upon heating. Overall, these 
data show that the measurement temperature of double emulsions does not play a crucial role 
provided that there is no fat phase transition in the applied temperature range. In contrast to the 
thin layered bilayers in vesicular dispersions for which the temperature should be kept below the 
phase transition temperature (Sabatino et al., 2011), the much thicker barrier of the liquid oil 
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phase in double emulsions makes the pfg-NMR diffusometry method still applicable even above 
the transition temperature of the barrier between internal and external water. 
 
 
3.4 Conclusions 
In this chapter, the applicability of two different low-resolution NMR methods for the 
determination of the enclosed water volume fraction of liquid oil and solid fat based double 
emulsions was critically compared.  
Pfg-NMR diffusometry revealed that parameter optimization (to suppress the oil signal and to 
ensure complete NMR signal relaxation) is crucial towards minimizing or eliminating artefacts in 
the determination of the enclosed water volume fraction and hence, obtaining appropriate results. 
The exchange kinetics seemed to play a crucial role in both NMR methods. More specifically, 
water exchange effects on the enclosed water volume fraction as estimated by pfg-NMR 
diffusometry became more noticeable with increasing diffusion delay (in the seconds range), 
whereas Mn2+ exchange mediated effects on the estimated enclosed water volume fraction 
obtained by T2 relaxometry became more pronounced with increasing storage time (in the days 
range). Measurement of the EV upon addition of Mn2+-spiked D2O-phase within the first 24 h 
revealed rapid randomization of D2O and H2O over the W1 and W2-phase in less than 3 minutes. 
In terms of Mn2+ repartitioning kinetics, (Mn2+-doped) double emulsions with different fat phases 
behaved differently, as could be observed from the behavior of the slow mode relaxation time as 
a function of storage time. However, an increased solid fat content did not guarantee slower 
exchange kinetics. These experiments also demonstrate the applicability of both methods to 
investigate exchange kinetics in emulsion systems. 
As far as the measurement temperature is concerned, the enclosed water volume fraction obtained 
by T2 relaxometry seemed to be temperature insensitive within a broad temperature range. 
Moreover, pfg-NMR experiments showed that the measurement temperature of double emulsions 
did not play a significant role provided that there is no fat phase transition in the applied 
temperature range. 
Whereas pfg-NMR is a non-destructive method for determination of the enclosed water volume 
fraction of double emulsions, its applicability might be hampered by the more time consuming 
measurements and the more complicated data analysis. However, the measurement time can be 
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reduced to about 30 minutes using a single diffusion delay (∆) value. Moreover, a simple bi-
exponential fitting gave comparable EV-values as the (complex) Murday Cotts model including a 
free water compartment. Whereas the latter model enables the estimation of additional 
characteristics of the double emulsion (i.e. the inner water droplet size and the effective diffusion 
coefficient), the bi-exponential model outshines in its simplicity.  
Whereas T2 relaxometric measurements are faster (typically 3 minutes), less affected by 
experimental parameters, and relatively simple in data analysis, still they require the addition of 
an external (paramagnetic) probe.  
At a measurement temperature of 5 °C and at conditions in which water (i.e. ∆ ≤ 100 ms) and 
Mn2+ exchange kinetics are minimized (i.e. measurements within the same day), both 
investigated NMR methods gave similar enclosed water volume fraction values, as measured for 
both a solid fat and a liquid oil composed double emulsion. In addition, both methods can give 
complementary information when characterization of double emulsions is required as a function 
of time. Moreover, these NMR methods offer the advantage that the characterization of W/O/W 
emulsions is based on the direct measurement of the behavior of water instead of indirect tracer 
analysis. 
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Abstract 
 
The effect of NMR receiver gain parameter on the quantitative determination of the enclosed 
water volume fraction (EV) of W/O/W type double emulsions by T2 relaxometry and pfg-NMR 
diffusometry has been investigated using benchtop low-resolution NMR spectrometry. In case of 
signal overflow, appropriate data analysis mostly allowed to still extract useful information. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Redrafted after Vermeir L., Balcaen M., Dewettinck K. and Van der Meeren P. (2015). 
Influence of the NMR receiver gain on the enclosed water volume fraction of W/O/W double 
emulsions as determined by low-resolution NMR diffusometry and T2 relaxometry. Magnetic 
Resonance in Chemistry, 53, 4, 309-313. DOI:10.1002/mrc.4202 
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4.1 Introduction 
Typical benchtop low-resolution NMR (i.e. low field with B0 = 10 mT to 1 T) spectrometers 
equipped with permanent magnets do not enable spectral resolution of different hydrogen atoms 
(Mitchell et al., 2014; Blümich et al., 2009; Metz and Mäder, 2008). Therefore, internal standards, 
as in the case of high-resolution NMR spectroscopy (Liang et al., 2014; Bharti and Roy, 2012), 
cannot be applied for absolute concentration quantification. Instead, reference samples preferably 
measured using the same settings can be useful (Monakhova et al., 2011). An important 
instrumental parameter for NMR experiments is the receiver gain. As the receiver gain (RG) is 
increased, the electrical NMR signals are more amplified, which enables the increase of the 
signal-to-noise-ratio in the NMR spectrum (Bharti and Roy, 2012) up to the level where the 
thermal noise exceeds the size of the digitization step of the analogue-to-digital-converter (Mo et 
al., 2010a). However, a too high receiver gain should be avoided as the amplified signal intensity 
might exceed the digitization limits, which results in incorrect measurements of the assigned 
(output) signal intensity, as well as line-shape changes of the frequency domain high-resolution 
1D 1H NMR spectrum (Claridge, 1999; Mo et al., 2010b). 
Commercial instruments enable an automatic selection of an RG value that prevents artifacts 
(Bharti and Roy, 2012). However, it is known that the actual RG may differ from what the gain 
setting suggests on a given spectrometer. Therefore, an RG function was recently suggested that 
can correct for this (Mo et al., 2010a). Alternatively, a constant RG can be used for both the 
unknown and reference sample. This option may be desirable when information from several data 
sets has to be quantitatively compared (Mo et al., 2010a). The latter is e.g. needed for accurate 
background subtraction for determination of the internal water fraction upon comparison of a 
water-in-oil-in-water (W/O/W) emulsion with and without a paramagnetic marker (see Chapter 3). 
Hereby, W/O/W emulsions can be obtained upon incorporation of water within the emulsified oil 
phase of an oil-in-water emulsion. The enclosed water volume fraction (EV) is the fraction of the 
total water that is present as internal water droplets and is an important measure of both the 
effectiveness of W/O/W emulsion preparation, as well as of W/O/W emulsion stability upon 
storage. 
In this study, the effect of NMR receiver gain parameter setting on the quantitative determination 
of the enclosed water volume fraction of W/O/W type double emulsions by T2 relaxometry and 
pfg-NMR diffusometry was investigated using benchtop low-resolution NMR spectrometry. 
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Hereby, we present a salvage operation of data analysis to retrieve reliable information even 
when signal overflow occurred. 
 
 
4.2 Materials and methods 
4.2.1 Materials and emulsion preparation 
Reference is made to section 2.2.1 for the description of the applied materials. In addition, 
analytical grade manganese dichloride with purity better than 99.99% was purchased from Alfa 
Aesar under the form of MnCl2∙4H2O (Karlsruhe, Germany). Food grade xanthan gum (FF) was 
kindly provided by Jungbunzlauer (Vienna, Austria). 
In section 2.2.1 the preparation procedure of the Hoso-based W/O/W emulsion is given. 
Xanthan gum (0.2%, w/v) was added to the samples for CPMG experiments to prevent creaming 
in the time frame of addition of 2.5% (v/v) 10 mM paramagnetic marker MnCl2 solution.  
 
4.2.2 Low-resolution NMR 
NMR measurements were performed at 5 °C on a benchtop Maran Ultra spectrometer (Oxford 
Instruments, UK) operating at 0.55 T (23.4 MHz for ¹H) equipped with a 12 bits 10 MHz 
digitizer. The recycle delay was set at 10 s, the number of scans was 8 and the maximum digital 
output was 23168 digitization levels. The appropriate receiver gain (ARG) was determined via 
the spectrometers’ automated routine of the RiNMR software (Oxford Instruments, UK), which 
fills up the analogue-to-digital-converter by default conservatively for about 80%. Samples were 
adequately filled as described in section 3.3.1. 
T2 distribution measurements were conducted using the CPMG sequence (Bakhmutov, 2004). 
Each measurement of 8192 echoes was acquired as follows: a 2τ interpulse spacing (0.4 ms), 90° 
pulse (7.9 ms) and 180° pulse (15.8 ms). The T2 distributions were obtained by Inverse Laplace 
Transformation (ILT) using WinDXP software (Oxford Instruments, UK, version 1.8.1.0). 
Hereby, the large data set of 8K echo points was pruned to 29 prune points set on a logarithmic 
basis.  
The CPMG experiments enable determination of the enclosed water volume fraction (EV) of 
W/O/W emulsions upon addition of a paramagnetic marker, considering the slow relaxation 
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modes of the T2 distribution in the presence (i.e. W/O/Wm) and absence of MnCl2 (i.e. W/O/W) 
(see Chapter 3). Unless stated differently, Eq. 4.1 is used:  𝐸𝐸𝐸𝐸 (%) =  𝐴𝐴𝑊𝑊𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄ 𝑚𝑚𝐴𝐴𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄ ∙ (1 + 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝑙𝑙2𝐸𝐸𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄ ) ∙ 𝑚𝑚𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄𝑚𝑚𝑊𝑊 𝑂𝑂 𝑊𝑊𝑚𝑚⁄⁄ ∙ 𝑅𝑅𝑅𝑅𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄𝑅𝑅𝑅𝑅𝑊𝑊 𝑂𝑂 𝑊𝑊𝑚𝑚⁄⁄ ∙ 100% (4.1) 
Hereby, AWs and AW are the integrated peak area of slowly relaxing water in a sample with and 
one without the addition of MnCl2, respectively. The dilution effect is taken into account in the 
second term, where VMnCl2  is the volume of manganese dichloride added and VW is the original 
water volume of the W/O/W emulsion. As 2.5% (v/v) 10 mM MnCl2 solution in water was added, 
the value of the second term was 1.03. The third and fourth term normalize and correct the values 
of AWs  and AW  by the mass and applied RG-value of the W/O/Wm and W/O/W emulsion, 
respectively.  
Alternatively, the EV can be calculated upon comparison of the slow relaxation mode of the 
Mn2+-doped double emulsion to the water signal of the external water phase (Eq. 4.2): 
 𝐸𝐸𝐸𝐸 (%) =  𝐴𝐴𝑊𝑊𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄ 𝑚𝑚𝐴𝐴𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊2 ∙ 1𝜙𝜙𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄  ∙ (1 + 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝑙𝑙2𝐸𝐸𝑊𝑊 𝑜𝑜𝑜𝑜 𝑊𝑊 𝑂𝑂 𝑊𝑊⁄⁄ ) ∙ 𝑚𝑚𝑊𝑊2𝑚𝑚𝑊𝑊 𝑂𝑂 𝑊𝑊𝑚𝑚⁄⁄ ∙ 𝑅𝑅𝑅𝑅𝑊𝑊2𝑅𝑅𝑅𝑅𝑊𝑊 𝑂𝑂 𝑊𝑊𝑚𝑚⁄⁄ ∙ 100% 
 (4.2) 
Where AW and ϕW refer to the integrated peak area of the bulk external water phase and the total 
water volume fraction in the W/O/W emulsion (i.e. 0.80 in our experiments), respectively. 
Hereby, it has to be realized that Eq. 4.1 and Eq. 4.2 only hold provided that the signal intensity 
is linearly proportional to the receiver gain, as well as to the sample mass. In order to overcome 
the first limitation, measurements obtained at equal RG-value should be used. For this purpose, it 
is advised to use the optimum RG-value (or ARG) associated with the most signal intense sample. 
Similarly, the second limitation is counteracted by the use of the same mass for the reference and 
Mn2+-doped sample. In fact, these 2 approaches basically reduce the equations to the ratio of their 
slowly relaxing integrated water signals. 
Diffusion experiments were performed with a delay τ of 10 ms and τ1 of 50 ms in the (90°- τ- 
90°- τ1- 90°) PGSTE sequence with a diffusion delay ∆ (i.e. sum of τ and τ1) of 60 ms. Reference 
is made to section 2.2.2 for more detailed information. A least-squares fit of Eq. 2.3 (EMCFW) to 
the recorded NMR echo decay yields the supposedly lognormal volume-weighted droplet radius, 
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the echo intensity at G=0 T/m (I0), the effective diffusion coefficient of the external water phase 
(De) and enclosed water volume fraction (EV). Matlab 7.5.0.342 (R2007b) software (The 
MathWorks) was used for the fitting procedure. For reasons of unreliable estimations, the 
arithmetic standard deviation of the lognormal distribution was not taken as a freely adjustable 
parameter within the model, but was kept constant at 0.25 µm, as evidenced by light microscopy 
(data not shown).  
 
4.2.3 Statistical section 
The uncertainty of the estimated enclosed water volume fraction values was expressed as a 95% 
confidence interval as obtained by the Monte Carlo method (Motulsky and Ransnas, 1987). The 
goodness of fit for CPMG and PGSTE experiments was expressed by the coefficient of 
determination R2 and the adjusted R2, respectively. 
 
 
4.3 Results and discussion 
4.3.1 Influence of the NMR receiver gain on CPMG experiments 
4.3.1.1 Monophasic system 
Monophasic systems such as deionized water are characterized by a single relaxation time (i.e. 
about 1.5 s). Hence, a plot of the logarithm of the relaxation magnitude as a function of the decay 
time yields a straight line. Considering signal overflow, the most intense relaxation magnitudes 
(i.e. at small echo time) will be truncated, which is also indicated as clipped. The effect of a 
clipped T2 relaxation signal is shown for 2.7 g deionized water in Fig. 4.1. Fig. 4.1a clearly 
shows that the experimental data deviate from a linear relationship at high receiver gain values. 
Upon Inverse Laplace Transformation (ILT) of the CPMG T2 relaxation decay the T2 distribution 
is obtained as shown in Fig. 4.1b, from which it is clear that the T2-time is overestimated with 
increasing RG/ARG-ratio: the T2-time increased from 1.46 s at low RG to 1.92 s and 2.65 s at an 
RG/ARG-ratio of 2 and 3, respectively. In addition, the integrated signal amplitude increased less 
than expected based on the receiver gain. Hereby, the determination coefficient of the fitting was 
lower with increasing RG/ARG-ratio. Whereas the determination coefficient was at least 0.999 as 
long as the RG did not exceed the ARG, it dropped to 0.983 and 0.912 at an RG/ARG-ratio of 2 
and 3, respectively. 
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Fig. 4.1: CPMG T2 relaxation decay profile (a,c,e) and T2 distribution (b,d,f) of 2.7 g deionized 
water (a,b) and the W/O/W emulsion before (c,d) and after addition of MnCl2 (e,f). The 
experimental and ILT-fitted data points obtained with a RG/ARG-value of 1, 2 and 3 (as 
indicated in the figure) are represented by markers and lines, respectively.  
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When analyzing samples containing different deionized water content, a linear increase of the 
peak area with receiver gain can be observed under the condition that the sample’s specific 
RG/ARG-ratio was equal to or smaller than unity (Fig. 4.2), for which the slope increased 
proportionally to the analyzed water mass. The ARG-value of the 0.9, 1.8 and 2.7 g water sample 
amounted to 15.85, 7.92 and 4.99%, respectively. The use of an RG-value exceeding the 
analyzed sample’s specific ARG-value, resulted in an underestimation of its integrated peak area 
as attributed to the clipped signal. In fact, a master curve could be plotted for the integrated signal 
intensity as a function of RG/ARG-ratio (see for 2.7 g water in Fig. 4.3). Provided that clipping 
was avoided, a mass-independent integrated signal intensity was obtained, whereas deviations 
from linearity make the signal normalization by sample mass invalid using RG-values that 
exceed the ARG-value.  
 
 
Fig. 4.2: Effect of the receiver gain value on the integrated (T2) signal intensity for samples of 
0.9, 1.8 and 2.7 g deionized water. The empty markers represent the data as measured at the 
ARG-value of 15.85, 7.92 and 4.99%, respectively. A full line represent the linear range of the 
signal versus RG-value, whereas the dashed lines are guide to the eye. 
 
4.3.1.2 Multiphasic system 
The relaxation decay of multiphasic systems such as double emulsions with and without MnCl2 
addition (Fig. 4.1e and Fig. 4.1c, respectively) embeds information of fast and slowly relaxing 
protons (e.g. oil and water phase of the emulsion, respectively). Hereby, signal clipping will 
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influence the signal integration for the different phases of an emulsion differently, depending on 
their T2 relaxation time. 
In case of optimal signal amplification, the T2 distribution of the W/O/W emulsion without 
MnCl2 (Fig. 4.1d) is characterized by a fast (some milliseconds to tens of ms) and slow relaxation 
mode (about 1 s) associated with triglyceride and water relaxation, respectively. Upon addition of 
MnCl2, the latter water peak is split into a medium (about 50 ms) and slow relaxation mode 
(about 0.5 s) (Fig. 4.1f). As the medium relaxation mode overlaps with the fast relaxation mode, 
the T2 distribution of the W/O/Wm emulsion is rather bimodal, apart from the very small 
contribution (< 1%) at small relaxation time.  
Hereby, the integrated modal signal intensity of the W/O/W and W/O/Wm emulsion is linearly 
related to the RG/ARG-ratio for values below or up to about unity (Fig. 4.3, in which the linear 
relationship is indicated by a slope of unity on a log-log scale) and hence, the relative 
contributions of the different modes within the distribution have a constant value (Table 4.1). For 
an RG/ARG-ratio larger than unity, their relative area fractions become variable (Table 4.1) and 
the absolute peak areas of the different relaxation modes within the T2 distribution are 
underestimated, which is illustrated by the bending off of the total signal of the W/O/Wm 
emulsion in Fig. 4.3. In particular, the fast relaxation mode of the W/O/W and W/O/Wm emulsion 
disappears completely upon data saturation, which results in an overestimation of the relative 
signal fraction of the slow relaxation mode of the W/O/W emulsion. Considering the slow and 
medium relaxation mode of the W/O/Wm emulsion, the relative fraction decreases and increases, 
respectively. This is attributed to a fitted faster decaying part of the clipped signal at small time-
values, which is compensated by a fitted slower decay at larger time-values (Fig. 4.1e).  
Mo et al. (2010b) found a proportional relationship between the output high-resolution NMR 
signal and the input FID signal, provided that the highest FID output was not higher than 55% of 
the maximum output level of the receiver. In addition to underestimation of the NMR signal 
intensity, subtle spectral artifacts and rolling baselines in the spectrum could be detected when 
the highest FID output exceeded 65% and 72% of the maximum output, respectively. 
Considering the EV-determination by low-resolution NMR, our results indicate that the highest 
FID output can be much larger than 55% of the maximum before erroneous results are obtained. 
In fact, the observed threshold RG/ARG-ratio of about unity coincides with 80% of the 
maximum output. 
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Table 4.1: Characteristics of the T2 distribution of the W/O/W emulsion with and without MnCl2 
addition as measured using different RG/ARG-ratios. The average with empirical standard 
deviation was based on 3 repetitions per sample. The EV was estimated with 95% confidence 
using Eq. 4.1. In all cases, the R2-value was at least 0.995. 
 
 W/O/W  W/O/Wm   RGARG T2, slow (s) Slow fraction (%)  T2, medium (ms)  T2, slow (s) Slow fraction (%)  EV (%) 
0.5 0.90 ± 0.00 75.9 ± 0.3  49 ± 2 0.46 ± 0.01 9.5 ± 0.3  12.9 ± 1.3 
1 0.93 ± 0.03 75.1 ± 0.6  49 ± 2 0.49 ± 0.02 8.9 ± 0.4  12.2 ± 1.3 
2 0.76 ± 0.00 99.5 ± 0.1  74 ± 0 1.49 ± 0.04 2.9 ± 0.1  3.1 ± 0.2 
2* 0.90 ± 0.00 100.0 ± 0.0  51 ± 0 0.46 ± 0.01 10.2 ± 0.2  12.7 ± 0.5 
3 0.95 ± 0.00 96.4 ± 0.5  92 ± 0 2.18 ± 0.07 2.1 ± 0.1  2.3 ± 0.2 
3* 0.85 ± 0.00 100.0 ± 0.0  50 ± 2 0.41 ± 0.01 10.6 ± 0.2  14.4 ± 0.8 
*Data analysis upon extraction of data. 
 
 
4.3.1.3 Relaxation data extraction from the conservative output range 
In case of signal overload (i.e. magnitude of about 23000), the software enables data analysis 
based on selected data extracted from the relaxation decay, using the values following the xth 
echo point, whereby clipped signals might occur between the latter and first recorded echo. This 
data extraction procedure is applied in an effort to correct for the underestimation of the 
integrated signal intensity. 
In Fig. 4.4, this data extraction is shown whereby echo points with a relaxation magnitude larger 
than 80% of the maximum output (i.e. 18531) were not considered in the best fit to the 
experimental (pruned) data. This results in different echo weighing in the logarithmically pruned 
relaxation decay. In fact, logarithmic pruning (without data extraction) magnifies the data 
saturation problem during the fitting by including more data points of the large (and hence, 
clipped) amplitude part of the relaxation curve. As an example, only 6 out of 29 points of the 
clipped data set were located below the maximum value considered for data extraction and hence, 
23 data points were affected by clipping.  
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Fig. 4.3: Effect of the RG/ARG-ratio on the integrated (T2) signal intensity for deionized water 
(diamonds), the W/O/Wm emulsion (squares) composed of the medium relaxation mode 
(triangles) and slowly relaxing water (circles). (For reasons of clarity, the fast relaxation mode is 
not shown.) The dotted lines represent a guide to the eye. The full and empty markers represent 
the signal integration before and after data extraction, respectively. Concerning data extraction, 
the echo points with a relaxation magnitude larger than 80% of the maximum output were not 
considered. 
 
 
Fig. 4.4: Pruned CPMG T2 relaxation decay profile of 2.7 g deionized water as obtained with a 
RG/ARG-value of 2 with (triangles) and without data extraction (circles). The full and dashed 
lines represent the ILT-fitting to the extracted and non-extracted data, respectively. 
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For both the monophasic and multiphasic systems, the fitting could be improved upon data 
extraction, as evidenced by the larger determination coefficient value. Also the resulting T2 
relaxation time of the slowly relaxing water protons in water (data not shown) and in the 
W/O/Wm emulsion, as well as the T2 time of the latter’s medium relaxation mode approximated 
the values coming from the optimum amplified data set (Table 4.1).  
Regarding the signal integration, Fig. 4.3 shows that the peak area of deionized water linearly 
increased with the RG/ARG-ratio upon data extraction. Concerning the W/O/Wm emulsion, the 
slow relaxation modal information could be retrieved (Fig. 4.3). The signal profile of its medium 
relaxation mode was slightly bended at the highest RG/ARG-ratio of 3, which was akin to the 
one of the (slowly relaxing) water of the W/O/W emulsion without MnCl2 addition (data not 
shown). As a matter of fact, the lost fast relaxation modal information of the W/O/Wm emulsion 
could not be revoked upon data extraction of the clipped relaxation decay.  
From Eq. 4.1 it is clear that quantification of the enclosed water volume fraction of W/O/W 
emulsions by T2 relaxometry requires the comparison of the integrated peak area of slowly 
relaxing water in the W/O/W and W/O/Wm emulsion. For evaluation of the effect of data 
saturation, the EV obtained upon integration of the non-clipped (i.e. RG/ARG ≤ 1) decay, as well 
as of the clipped relaxation decay with and without data extraction (i.e. RG/ARG > 1) was 
compared. The use of an RG/ARG-value of 0.5 and 1 resulted in similar EV-values of 12.9%  
(95% confidence interval: 11.6 to 14.2%) and 12.2% (95% confidence interval: 10.9 to 13.6%), 
respectively. Regarding receiver overload using an RG/ARG-value of 2 and 3 without subsequent 
data extraction, the EV was underestimated and amounted to only 3.1% (95% confidence interval: 
2.9 to 3.3%) and 2.3% (95% confidence interval: 2.1 to 2.5%), respectively. This can be 
explained by the larger underestimation of the AWs-value than of the AW-value of the W/O/Wm 
and W/O/W emulsion, respectively. Using an RG/ARG-ratio of 2 and upon subsequent data 
extraction of the saturated decay, the EV-value amounted to 12.7% (95% confidence interval: 
12.2 to 13.2%). At an RG/ARG of 3, the EV amounted to 14.4% (95% confidence interval: 13.6 
to 15.2%), which was slightly higher than the EV using optimal signal amplification (i.e. using 
RG/ARG=1). This is mainly attributed to a slight underestimation of the AW-value of the W/O/W 
emulsion, despite data extraction. As this was not the case for the signal of monophasic systems 
(such as the W2-phase) (Fig. 4.3), the EV for an RG/ARG-ratio of 3 (after data extraction) was 
also calculated using Eq. 4.2, which resulted in 12.4% (95% confidence interval: 11.8 to 13.1%).  
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Consequently, reliable information can be extracted from part of a mono-exponential decay, 
whereas for multi-exponential decays, this only works provided that enough (undisturbed) 
information of all separate modes is included. Overall, data extraction of a clipped data set still 
enabled accurate enclosed water volume fraction determination even at an RG/ARG-ratio of 3, 
especially when using the W2-phase as reference (i.e. using Eq. 4.2). 
 
4.3.2 Influence of the NMR receiver gain on the enclosed water volume fraction 
determination by PGSTE  
For determination of the enclosed water volume fraction of W/O/W emulsions by pfg-NMR 
diffusometry, a series of echo intensities was recorded for a certain diffusion delay (∆), by 
variation of the gradient strength G. This procedure can be repeated for a number of different 
diffusion delay values. Since both the ∆ and G-value influence the echo intensity, the optimal 
gain value (ARG) differs for each echo intensity and therefore, a common optimal RG-value will 
be the one associated with the largest signal in the echo decay (i.e. at the G= 0 T/m) using the 
smallest ∆-value (i.e. T1-relaxation mediated signal loss occurs during diffusion delay time scale 
∆).  
In Fig. 4.5, the experimental, the fitted (using Eq. 2.3) and the calculated echo intensity for a 
certain RG/ARG-ratio are shown, whereby the latter was obtained based on the experimental 
echo intensity values at an RG/ARG of unity according to Icalculated,RG=IARG∙(RG/ARG). 
Comparing the experimental and calculated data at RG/ARG>1, it is obvious that the echo 
intensities at low G-values, amongst which the I0-value (Fig. 4.5), are clearly underestimated 
using a too high RG-value. 
The EV can be determined from the ratio of the amplitude of the slowly and fast decaying part of 
the quasi bi-exponential curve (Fig. 4.5). The underestimation of the data at low field strength 
will lead to an underestimation of the fast decaying part and hence to an overestimation of the 
EV-value (Table 4.2). For the sake of completeness, it can be mentioned that clipping of the data 
at low field strength also results in an underestimation of the De-value (data not shown), which 
follows logically from the fact that this parameter is calculated from the (underestimated) slope 
of the fast decaying part of the echo decay. Table 4.2 also indicates that the precision of the EV-
estimation decreases as the RG/ARG-ratio increases. Similar to the EV-determination by T2 
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relaxometry, these diffusion experiments suggest that the largest (echo) signal intensity can be 
about 80% of the maximum output before underestimation occurs.   
 
 
Fig. 4.5: Experimental (solid markers), fitted (full line) and calculated (empty markers with 
dashed line as a guide to the eye) echo decay of a W/O/W emulsion using an RG/ARG-ratio of 
0.5, 1, 2 and 3. 
 
 
4.3.2.1 Diffusion data extraction from the conservative output range 
As was done for the CPMG relaxation decay, the effect of the application of data extraction on 
the saturated diffusion decay of the W/O/W emulsion was evaluated. Hereby, only the echo 
points with a relaxation magnitude equal to or smaller than 80% of the maximum output were 
included in the fitting. Provided that the exchange between the water phases of the W/O/W 
emulsion is negligible, the diffusion echo decay of double emulsions carries information of the 
fast and slowly diffusing water molecules, corresponding to the external and internal water, 
respectively. As long as enough (remaining) information of both diffusing species is included, 
similar EV-values upon data extraction as for the non-saturated data were obtained, as shown for 
RG/ARG-ratio of 2 in Table 4.2. The large confidence intervals of the fitted EV-value and I0-
value for an RG/ARG-ratio of 3 indicate an imprecise estimation of the amplitude of the fast 
decaying part. 
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Table 4.2: Estimated parameters with 95% confidence interval upon fitting Eq. 2.3 to the echo 
decay of the W/O/W emulsion as measured using different RG/ARG-ratios. For reasons of 
comparison, the experimentally obtained I0-values are included. 
 RGARG I0, Expt. (104) I0, Fit (104) EV (%)(1) Radj2 
0.5 0.69 0.70 ± 0.00 22.3 ± 0.9a 0.999 
1 1.28 1.29 ± 0.01 22.6 ± 0.7a 0.999 
2 2.07 2.10 ± 0.11 25.0 ± 1.9a 0.980 
2* - 2.43 ± 0.14 22.8 ± 1.4a 0.994 
3 2.24 2.23 ± 0.12 32.0 ± 1.7b 0.962 
3* - 3.12 ± 0.95 24.2 ± 12.8a,b 0.988 
*  Data analysis upon extraction of data. 
(1) Different superscripts indicate significant differences. 
 
 
 
4.4 Conclusions 
The effect of the RG-value on the quantitative determination of the internal water fraction of 
double emulsions using low-resolution NMR T2 relaxometry and diffusometry was evaluated. 
This study suggested that the largest signal output can be as large as about 80% of the maximum 
output before deviation in relaxation time and signal intensity are detected with the commercial 
benchtop NMR spectrometer used, which is much higher than what previously was reported 
using a high-resolution NMR spectrometer. 
Whereas data saturation caused an underestimation of the internal water fraction by T2 
relaxometry, an overestimation was observed for NMR diffusometry. Although it is evident that 
data saturation should be avoided to conform to good NMR practice, appropriate data extraction 
has shown to retrieve reliable information from clipped data registered in our study at RG values 
up to 3 times the optimal value. 
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Abstract 
 
The objective of this chapter was to evaluate the effect of homogenization duration and 
intensity on the enclosed water volume fraction of concentrated double emulsions, as 
determined by T2 relaxometry upon addition of a paramagnetic agent, such as manganese 
dichloride. The results indicated that high-intensity process conditions drastically decreased 
the yield of the W/O/W emulsion.  
In order to obtain a concentrated W/O/W emulsion, this study aimed at entrapping a maximal 
amount of water in the W/O emulsion. Pfg-NMR diffusion experiments were performed to 
determine the water droplet size distribution of the primary W/O emulsion, as well as to 
detect phase inversion.  
This study showed the applicability of low-resolution NMR for concentrated W/O/W double 
emulsion characterization.  
 
 
 
 
 
 
Redrafted after Vermeir L., Sabatino P., Balcaen M., Van Ranst G. and Van Der Meeren P. 
(2014). Evaluation of the effect of homogenization energy input on the enclosed water 
volume of concentrated W/O/W emulsions by low-resolution T2 relaxometry. Food 
Hydrocolloids, 34, 1, 34-38. DOI:10.1016/j.foodhyd.2013.01.024 
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5.1 Introduction 
The effectiveness of preparation of a W/O/W emulsion can be characterized by the so-called 
yield and enclosed water volume fraction. Whereas the yield is the percentage of the water 
originally present in the primary W/O emulsion that is retained as internal water droplets in the 
final W/O/W emulsion, the enclosed water volume fraction can be described as the fraction of the 
total water that is present as internal water droplets.  
This chapter investigated the possibility of entrapping a maximal amount of internal water in the 
W/O emulsion by low-resolution pfg-NMR diffusometry. As such, a concentrated W/O/W 
emulsion could be obtained. In addition, low-resolution NMR T2 relaxometry was used to 
investigate the effect of process conditions such as homogenization duration and intensity on the 
enclosed water volume fraction of the concentrated double emulsion. This method is a cost-
effective and fast procedure to quantify the internal and external water fraction upon application 
of an external water soluble paramagnetic probe.  
 
 
5.2 Materials and methods  
5.2.1 Materials and emulsion preparation  
Manganese dichloride with purity better than 99.99% was purchased from Alfa Aesar under the 
form of MnCl2∙4H2O (Karlsruhe, Germany). All other applied materials, as well as the procedure 
for preparation of the Hoso-based W/Oh emulsion and soft PMF-based W/Os emulsion are 
described in section 2.2.1. 
For preparation of the W1/O/W2 emulsion, the external water phase (W2) was heated until 40 °C 
to 45 °C and mixed with freshly prepared W1/O-emulsion in a ratio 60/40 (w/w) with an Ultra-
Turrax S 25 - 10 G (IKA-Werke, Germany) at 24000 rpm for 2 minutes. Hereby, the W2-phase 
only differs from the W1-phase in the concentration of sodium caseinate (1%, w/v). Afterwards, 
double emulsions were further mixed with a continuous Ultra-Turrax DK 25 (IKA-Werke, 
Germany) at 24000 rpm for 1 minute, unless stated differently. The advantage of the latter type of 
Ultra-Turrax is the reduction of foam formation and hence higher availability of surfactant to 
stabilize the emulsion instead of air. All samples were cooled in an ice/water bath for 40 minutes 
and subsequently stored in the refrigerator.  
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For CPMG experiments, 2% (v/v) 10 mM MnCl2 solution in water was added to the double 
emulsion before storage overnight in the refrigerator.  
 
5.2.2 Low-resolution NMR 
NMR measurements were performed at 5 °C on a benchtop Maran Ultra spectrometer (Oxford 
Instruments, UK) operating at a frequency of 23.4 MHz. 
T2 relaxation measurements were conducted using the Carr Purcell Meiboom Gill (CPMG) 
sequence by keeping the receiver gain constant. Hereby, an exponentially decaying curve is 
obtained, which is characterized by a time constant T2. The T2 distributions were obtained by 
Contin analysis of the relaxation curve (Provencher, 1982a,b) using the WinDXP 1.8.1.0 
software (Oxford Instruments, UK). Principles of T2 relaxometry have been described in detail by 
Bakhmutov (2004). Sabatino et al. (2011) showed that the addition of the paramagnetic agent 
MnCl2 enables the separation of the signals of the two water compartments in a vesicular 
dispersion with a minimum of dilution effect. Based on this information, resolution of the proton 
population signals from internal and external water might be possible by data analysis of the T2 
distribution of the double emulsion with and without the addition of MnCl2, provided that the 
exchange of water or MnCl2 through the oil phase is slow. 
Pulsed field gradient Nuclear Magnetic Resonance (pfg-NMR) experiments in combination with 
the Droplet Size application (Resonance Instruments Ltd.) were performed as described in section 
2.2.2 and 2.2.3 (using Eq. 2.2), except for three applied NMR parameters. In the performed 
experiments the diffusion time (Δ) was set to 0.2 s, the gradient strength was fixed at 1.74 
Tesla/m, while the gradient duration (δ) was varied in 18 steps from 500 to 8000 µs.  
 
5.2.3 Laser diffraction 
The size of multiple droplets in the double emulsion was analyzed by a Malvern Mastersizer S 
(Malvern Instruments) whereby the refractive indices were set at 1.596 and 1.33, according to 
presentation code 3PDD in the software. A few drops of double emulsion were brought into the 
MS-17 wet sample dispersion unit filled with deionized water. 
 
5.2.4 Light microscopy 
An image of the double emulsion was taken with a Leitz Diaplan light microscope (Wild Leitz 
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GmbH) equipped with Cell-software (Olympus Soft Imaging Solutions GmbH), upon tenfold 
dilution with external water phase using a fifty fold objective. 
 
5.2.5 Statistical section 
Statistical data were analyzed using S-Plus (Spotfire S+® 8.2, TIBCO Software Inc.) by the two-
sample independent t-test to compare mean volume-weighted droplet diameter D43-values. 
Statistical significance was set at p < 0.05. Hereby, three samples per measurement were tested. 
If more than two groups were compared simultaneously, a Bonferroni correction was applied. 
 
 
5.3 Results and discussion 
5.3.1 Water droplet size analysis of the W/O emulsion 
Anticipating the creation of a W/O/W emulsion in which the fat globules are filled with a 
maximal water fraction for encapsulation purposes or for reducing its caloric content for light 
food applications, the water percentage of the W/O primary emulsion was increased from 20% to 
30%, 40%, 50% and 60% (w/w). In order to prevent emulsifier limitation, the concentrations of 
sodium caseinate and PGPR were increased proportionally to the water percentage in the 
emulsion as illustrated in Table 5.1. 
 
Table 5.1: Composition of the Hoso-based W/O emulsions with different water percentage. 
 
W/O-emulsion H 0.50/1.00 H 0.75/1.50 H 1.00/2.00 H 1.25/2.50 H 1.50/3.00 
Water percentage (wt%) 20 30 40 50 60 
Oil percentage (wt%) 80 70 60 50 40 
Water phase      
     Sodium caseinate (%, w/v) 0.50 0.75 1.00 1.25 1.50 
     PO4-buffer solution  ad 100% ad 100% ad 100% ad 100% ad 100% 
Oil phase           
     PGPR (%, w/v) 1.0 1.5 2.0 2.5 3.0 
     Hoso (%) 99.0 98.5 98.0 97.5 97.0 
 
 
By means of a dilution test with water, a quick assessment of the type of emulsion was acquired. 
If water was miscible with the emulsion, then this was an O/W-emulsion, whereas immiscibility 
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referred to a W/O emulsion. As such, all prepared emulsions were classified as W/O emulsions, 
except the emulsion containing 60 wt% water.  
Fig. 5.1 shows the experimental echo attenuation data points as a function of gradient pulse 
duration for the different emulsions, as well as the best fitting curves (using Eq. 2.2) 
corresponding to a lognormal distribution, from which the average particle size is derived. The 
pfg-NMR signal increased proportionally to the water content, with the exception of the sample 
that contained 60% of water. The very small signal amplitude for the latter sample indicates that 
this is in fact an O/W emulsion, which was also corroborated by the water dilution test. In an 
O/W emulsion, water diffusion is not restricted within the droplet boundaries, but may proceed 
throughout the whole aqueous continuous phase. Theoretical analysis reveals that in this case of 
free water diffusion, the signal nearly completely decays with a gradient duration (δ) shorter than 
0.5 ms, and hence cannot be seen in Fig. 5.1. 
 
Fig. 5.1: Measured echo intensity as a function of magnetic gradient pulse width (δ) for the 
various Hoso-based primary W/O emulsions with different water fraction: 20% (circles) - 30% 
(triangles) - 40% (squares) - 50% (diamonds) - 60% (crosses). The line represents the calculated 
echo intensity based on a lognormal water droplet size distribution. 
 
The emulsion with 20% water fraction was characterized by a larger volume-weighted arithmetic 
mean diameter than the emulsions containing 30% to 50% water, whereby no difference in water 
droplet size could be detected between the latter emulsions (Table 5.2). If the surfactant 
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concentration was insufficient, then an increase of the water fraction, and hence increase of 
water/oil interface, would result in an increase of water droplet size, as larger droplets have a 
lower interfacial area in a W/O emulsion with constant water fraction. Since this cannot be 
detected in the prepared emulsions for increasing water fractions, it can be concluded that the 
applied surfactant concentration was adequate at water mass fractions up to 50%. Hence, multiple 
emulsions were prepared based on a 50:50 (w/w) primary W/O emulsion. 
In addition, the effect of a decrease of the applied driving air pressure of the Microfluidizer on 
the droplet size of the W/O emulsion was investigated (results not shown). Hoso-based W/O 
emulsions containing 50% water were homogenized at two driving air pressures: 6 bar or 4 bar. 
Since no significant change in mean volume-weighted arithmetic mean diameter (D43) could be 
observed, operating at the lower driving air pressure of 4 bar would be more cost-effective.  
 
Table 5.2: Average volume-weighted arithmetic mean diameter (D43) and standard deviation 
(based on 3 samples per composition), as well as geometric standard deviation (σg) for W/O 
emulsions with different mass fraction of water. Mean values assigned the same letters are not 
significantly different at the 0.05 level of confidence. 
 
 D43 (µm) σg (-) 
H 0.50/1.00 4.88 ± 0.06 a 1.27 ± 0.03 d 
H 0.75/1.50  4.07 ± 0.15 b 1.06 ± 0.10 e 
H 1.00/2.00  3.94 ± 0.04 b 1.05 ± 0.06 e 
H 1.25/2.50 3.88 ± 0.04 b 1.08 ± 0.07 e 
 
 
 
5.3.2 Multiple droplet size analysis 
Laser diffraction, as well as light microscopy revealed that the oil droplet size distribution of the 
W/O/W emulsion ranged from 5 to 50 µm (Fig. 5.2). For the sake of completeness, it should be 
mentioned that the laser diffraction results depended on the dispersed phase refractive index 
considered in the software. Thus, an additional submicron peak was obtained when the refractive 
index was fixed at 1.47, i.e. the refractive index of the sunflower oil used. Visual observation 
indicated, however, that the multiple emulsions were largely susceptible to creaming. The 
subsequent formation of a transparent subnatant within 24 hours clearly indicates that the 
submicron mode can be considered as a ghost peak, as previously described by Hayakawa et al. 
(1995). The visual creaming aspect with about 50% of cream phase with only 20% of oil also 
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provides a strong indication that a substantial part of the water remains encapsulated within the 
oil phase. On the other hand, the addition of 0.2 wt% xanthan gum to the external water phase 
made the W/O/W emulsion stable against visual cream separation for several days at refrigerator 
temperature. Upon longer storage, a very small amount (about 5%) of serum became noticeable.  
 
5.3.3 Distribution of water in the W/O/W emulsion 
Upon adequate mixing of the primary W/O emulsion with an aqueous phase a double emulsion is 
obtained. CPMG-experiments on the double emulsion revealed that in the absence of MnCl2, no 
distinction between the internal and external water phase of a double emulsion can be made and a 
mono-exponential decay was obtained, whereas upon addition of the paramagnetic agent a bi-
exponential decay was achieved (Fig. 5.3). Since only the external water is affected by the added 
MnCl2, the fast and slow decaying part of the bi-exponential curve are associated with the 
external and internal water of the double emulsion, respectively.  
Contin analysis of the CPMG-data of the W/O/W emulsion in the absence of MnCl2 results in a 
T2 relaxation distribution (Fig. 5.4), which is characterized by a large contribution of water with a 
relaxation time of about 1 s, whereas the triglyceride relaxation time is only some ms to some 
tens of ms. Hereby, the emulsions in Fig. 5.4 were prepared using soft PMF as a fat base, for 
which the enclosed water volume fraction can be determined analogously as for the case of Hoso-
based W/O/W emulsions. Upon addition of MnCl2, the major part of the water peak is shifted to a 
relaxation time of about 37 ms, whereas a smaller part is only weakly affected (Fig. 5.4). As the 
former is largely influenced by the added MnCl2, it must correspond to the external water, 
whereas the part that is hardly affected must be protected inside the oil droplets. 
a  
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b  
Fig. 5.2: (a) Light microscopic image (bar is 50 µm) and (b) volume-weighted diameter 
distribution of the Hoso-based W/O/W emulsion. 
 
The enclosed water volume fraction (EV), i.e. the fraction of the total water that is present as 
internal water droplets, may be calculated by considering the slow relaxation modes in the 
presence (i.e. W/O/Wm) and absence of MnCl2 (i.e. W/O/W) using Eq. 4.1. The former mode is 
only proportional to the enclosed water, whereas the latter mode corresponds to both internal and 
external water. 
 
Fig. 5.3: CPMG T2 relaxation decay profile of a soft PMF-based W/O/W emulsion before (empty 
markers) and after (solid markers) addition of 2% (v/v) of a 10 mM MnCl2 solution. The line 
represents the calculated data by Contin analysis. 
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Noteworthy, due to partial overlap of the signal of the fat protons and the fast relaxing water 
signal (Fig. 5.4), the enclosed water volume fraction cannot be calculated using the Mn2+-doped 
W/O/W emulsion only. 
 
Fig. 5.4: T2 distribution of the soft PMF-based double emulsions with (solid line) and without 
(dashed line) addition of 2% (v/v) 10 mM MnCl2. The red zone represents the overlapping proton 
signal associated with triglcyerides and Mn2+-containing external water, whereas the blue zone 
represents the proton signal of the inner water. 
 
 
5.3.4 Effect of homogenization conditions on the enclosed water volume fraction of the 
W/O/W emulsion 
The most straightforward preparation procedure of a W/O/W emulsion is a two-step process and 
consists of a first emulsification step resulting in a W/O emulsion, which is subsequently 
emulsified in the external water phase. To that extent, a low-energy mixer (Ultra-Turrax) and a 
high-energy microfluidization procedure (Microfluidizer) were used to reduce the droplet size of 
a W/O emulsion until a few micrometers, since direct feeding of the Microfluidizer is not 
possible. The duration of the low-energy mixing treatment (Ultra-Turrax DK 25, 24000 rpm) in 
the second emulsification step was varied for 1, 2, 4, 6 or 8 minutes. The enclosed water volume 
fraction and yield of equal amounts of each mixed sample were calculated by T2 relaxometry 
upon addition of manganese dichloride. Fig. 5.5 shows that a larger duration of mixing with the 
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Ultra-Turrax DK 25 resulted in a higher sample temperature and a lower enclosed water volume 
fraction. Hereby, the multiple droplet diameter (D43) decreased from 25.3 µm over 20.9 µm, 13.4 
µm and 10.1 µm to 8.8 µm after 1, 2, 4, 6 and 8 minutes, respectively. According to the manual 
of the device, the obtainable fineness is usually acquired after a processing time of a few minutes, 
which was confirmed by a smaller reduction in measured multiple droplet size after at least 4 
minutes mixing. In order to evaluate the effect of increasing temperature with mixing time on the 
residual enclosed water volume fraction, a double emulsion was mixed for 1 minute (Ultra-
Turrax DK 25) and subsequently heated for 8 minutes at 80 °C. Hereby, the enclosed water 
volume fraction changed less than 1% as determined by T2 relaxometry at 5 °C (both before and 
after the heating process). Hence, the decreased enclosed water volume fraction observed in Fig. 
5.5 must be ascribed to a shear-induced internal droplet destruction and not to a heat-induced 
destabilization of the internal water phase. Consequently, it is advised to minimize the mixing 
time in the second emulsification step of the preparation of double emulsions in order to prevent 
shear-induced destruction upon longer processing time. 
 
 
Fig. 5.5: Enclosed water volume fraction, yield and temperature as a function of mixing time of 
the soft PMF-based W/O/W emulsion with an Ultra-Turrax DK 25 (24000 rpm) as determined by 
T2 relaxometry upon addition of 2% (v/v) 10 mM MnCl2. The circles represent the enclosed water 
volume fraction and yield, while the squares represent the temperature. 
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5.3.5 Effect of homogenization intensity on the enclosed water volume fraction of the 
W/O/W emulsion  
A too high homogenization intensity in the second emulsification step may result in rupture of 
the internal water droplets and coalescence of the internal water droplets with the outer water 
phase (Hindmarsch et al., 2005). According to Lindenstruth and Müller (2004b), the inner water 
droplets have to be much smaller than the oil droplets in the multiple emulsion in order to prevent 
production-induced reduction of the encapsulation rate. On the other hand, a too low intensive 
treatment might result in more creaming by virtue of too large multiple emulsion droplets. Fig. 
5.6 shows the change in enclosed water volume fraction of the soft PMF-based W/O/W emulsion 
after low energetic emulsification (Ultra-Turrax DK 25, 1 min at 24000 rpm) and after 
application of the combined low and high energetic homogenization treatments (Ultra-Turrax DK 
25, 0.5 min at 24000 rpm followed by Microfluidizer, 1.5 min at a driving air pressure of 3.5 
bar). The enclosed water volume fraction of the former W/O/W emulsion as determined by T2 
relaxometry amounted to about 23% (or a yield of 91%). The latter W/O/W emulsion was 
characterized by a low (< 4%) or no enclosed water volume and a multiple droplet size (D43= 4.7 
µm) approaching the particle size of the internal water droplets (D43= 3 µm).  
 
Fig. 5.6: T2 distribution of the soft PMF-based W/O/W emulsion upon addition of 2% (v/v) 10 
mM MnCl2 solution before (empty markers) and after (solid markers) microfluidization 
treatment. The red zone represents the proton signal associated with triglcyerides and Mn2+-
containing external water, whereas the blue zone represents the proton signal of the inner water. 
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Hereby, the proton population associated with internal water could not be detected anymore in 
the T2 distribution of the microfluidized sample and hence, it can be regarded as a mere O/W 
emulsion. Consequently, the microfluidization treatment at the applied air pressure and time 
duration resulted in the destruction of the primary W/O emulsion and hence cannot be used in the 
second homogenization stage during W/O/W emulsion preparation. 
Also in Fig. 5.6, an upward shift in T2 of the fast relaxing water signal upon microfluidization can 
be observed, which indicates that the manganese dichloride has been diluted in a larger volume 
and hence is less effective in reducing the T2 relaxation time, which further sustains the reduced 
enclosed water volume fraction deduced from the T2 distribution analysis.  
 
 
5.4 Conclusions 
Low-resolution NMR experiments revealed that a concentrated W/O/W emulsion with a high 
yield could be obtained by the use of a W/O emulsion containing up to 50 wt% water, whereas 
phase inversion was observed at a higher water fraction. T2 relaxometric analysis upon MnCl2 
addition revealed a significant decrease in estimated enclosed water volume fraction values upon 
increasing homogenization duration or intensity during the second homogenization step. Overall, 
the results reveal that the internal water phase is shear sensitive and hence, care should be taken 
both during preparation and subsequent handling of multiple emulsions to prevent breakdown of 
the internal water droplets. 
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Abstract 
 
The study of the retention and release of compounds entrapped in W/O/W emulsions offers vital 
information with respect to its commercial applicability. High molecular weight compounds, like 
proteins, are expected to migrate slower than water molecules through the oil layer between the 
water phases of the double emulsion. This work investigated the transport kinetics of whey 
protein isolate (WPI) and water upon addition of WPI in the inner water phase. Two release 
triggers were evaluated. Firstly, a storage temperature rise from 5 to 25 °C did not result in a 
change of the retention of water or WPI as a function of storage time. Secondly, an osmotic 
pressure gradient between the water phases was applied. Under a negative and positive osmotic 
pressure gradient, it was found that the transport behavior of WPI and water molecules as a 
function of storage time clearly behaved differently. Water migration occurred at a much faster 
rate than WPI. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 6 
 
120 
 
6.1 Introduction 
The study of the transport of compounds in W/O/W emulsions is extremely relevant when 
considering the potential use of double emulsions. Whereas sufficient retention should be 
maintained during storage, the triggering of sustained release of compounds in vivo might be 
desired. 
Water molecules and dissolved hydrophilic species can migrate from the internal to the external 
water phase in the W/O/W emulsion following film rupture (i.e. coalescence mechanism) or 
without film rupturing (i.e. diffusion mechanism). The latter transport requires a concentration 
gradient aiming at equilibration of the concentrations (Leal-Calderon et al., 2012). Besides 
passive molecular diffusion (e.g. for neutral compounds), the transport might be facilitated via 
hydrophilic surfactant polar head groups (e.g. for water), via reverse micelles or by formation of 
transient holes in the thin liquid films between the inner water droplet and the globule surface 
(Herzi et al., 2012; Bahtz et al., 2015; Yan and Pal, 2001). 
The osmotically driven release from the inner to the outer water phase of the W/O/W emulsions 
has been investigated for numerous pharmaceutical (Bjerregaard et al., 1999a; Khopade and Jain, 
1999; Silva-Cunha et al., 1997; Oliveira et al., 2009; Tejado et al., 2005) and food ingredients 
(Herzi et al., 2012; Ueda and Matsumoto, 1991). The osmotically driven migration in the 
opposite direction (i.e. from the outer to the inner water phase) might also be desirable. Leal-
Calderon et al. (2012) prepared double emulsions with a high internal volume fraction following 
osmotic swelling and hence, these emulsions were low in fat content. The swelling mechanism is 
based on a difference in kinetics of migration of water and hydrophilic species (Leal-Calderon et 
al., 2012). Whereas osmotic equilibration of the two water phases by water transport is an almost 
instantaneous process (within several minutes or hours), the migration of dissolved species is 
much slower and highly compound specific (within several weeks or months). Upon migration of 
the latter compounds, water transport continues to establish a new osmotic pressure equilibrium 
(Herzi et al., 2012).  
The main objective of this study was to compare the transport kinetics of water and dissolved 
whey protein isolate between the inner and outer water phase in W/O/W emulsions under 
different osmotic pressure gradients. Hereby, whey protein isolate was entrapped in the inner 
water phase, of which the information about transport kinetics is believed to also be applicable 
when considering other proteins. 
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6.2 Materials and methods 
6.2.1 Materials 
The lipophilic emulsifier polyglycerol polyricinoleate (PGPR 4150; min. 75% n-glycerols with 
n=2, 3 and 4; max. 10% m-glycerols with m≥ 7) was kindly provided by Palsgaard A/S 
(Denmark), whereas the hydrophilic emulsifier Polysorbate 80 (Tween 80) was obtained from 
Sigma-Aldrich (Steinheim, Germany). Food grade commercial sunflower oil was purchased from 
Delhaize group (Brussel, Belgium) and food grade BiPro (< 0.5% fat, < 5% moisture and 1.9% of 
ash, > 92.6% of whey protein isolate WPI, with 85% β-lactoglobulin on total protein basis) was 
acquired from Davisco (Le Sueur, USA). The 5 mM phosphate buffer solution (pH 6.6) 
contained 0.02% (w/v) of the anti-microbial agent NaN3 (Sigma-Aldrich, Steinheim, Germany), 
KH2PO4 (Merck KGaA, Darmstadt, Germany) and K2HPO4 (Alfa Aesar, Karlsruhe, Germany) in 
deionized water. NaCl was acquired from VWR Chemicals (Leuven, Belgium). CuSO4.5H2O, 
Na2CO3 and NaOH were obtained from AnalaR NORMAPUR® (Leuven, Belgium). Folin-
Ciocalteous solution and disodium tartrate were purchased from Merck KGaA (Darmstadt, 
Germany) and Acros Organics (Geel, Belgium), respectively. Unless stated differently, the above 
mentioned chemicals were of analytical grade.  
 
6.2.2 Emulsion preparation 
The inner water phase (W1) contained whey protein isolate WPI (5, 2.5 or 1 wt%) in 5 mM 
phosphate buffer solution and 0.1 M NaCl, which was magnetically stirred for at least 1 h at 
room temperature. The oil phase contained 5 wt% of PGPR in commercial sunflower oil and was 
heated at 60 °C for 10 minutes. The external water phase (W2) was prepared by hydrating 1.67 
wt% Polysorbate 80 in 5 mM phosphate buffer solution and 0.1 M NaCl. For preparation of the 
W/O/W emulsion under a positive osmotic pressure gradient, the W2-phase did not contain NaCl. 
The 25:25:50 water-in-oil-in-water (W1/O/W2) emulsions were prepared using a two-stage 
emulsification process. The primary water-in-oil emulsion (W1/O) was homogenized at 40-50 °C 
by drop-wise addition of the W1-phase to the oil phase using an Ultra-Turrax S50N-G45F 
operating at 5200 rpm for 5 minutes. The W1/O/W2 double emulsion was prepared by mixing the 
W1/O emulsion into the W2-phase using an Ultra-Turrax S25-10G at 24000 rpm for 1 minute and 
a continuous Ultra-Turrax DK25 containing a S25KV-25G-IL dispersing element at 24000 rpm 
for 2 minutes. 
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As the Tween concentration in the external water phase amounted to 12.8 mM (considering a 
molar mass of 1310 g/mol), the osmotic pressure difference (∆π = πi - πe) between the inner (πi = 
540 kPa, Table 6.1) and outer (πe = 572 kPa) water phase with equal NaCl concentration 
amounted to 32 kPa at most (if no Tween adsorption at the O/W interface would take place) for 
the W/O/W emulsions at a storage temperature of 25 °C; these calculations were based on the van 
‘t Hoff expression. Hence, under these quasi-isotonic conditions a minor water transport from the 
W1-phase to the W2-phase will restore the osmotic equilibrium. 
 
Table 6.1: Calculation of the osmotic pressure of the W1-phase at 298 K. 
 
 
Concentration  
(mg/l) 
Molar mass  
(g/mol) 
Molarity  
(mM) 
Osmolarity  
(osm/m3) 
Osmotic pressure 
(kPa)  
KH2PO4 417.4 136.1 3.1 6.1 
 K2HPO4 336.6 174.1 1.9 5.8 
 NaN3 200.0 65.0 3.1 6.2 
 NaCl 5844.0 58.4 100.0 200.0 
         218.1  540.3 
 
 
To create a negative osmotic pressure gradient (∆π < 0), solid sodium chloride was added to the 
freshly prepared W/O/W emulsion in order to result in 0.2 M NaCl in the outer water phase. A 
positive osmotic pressure gradient (∆π > 0) was established by using a NaCl-free external water 
phase. Under a negative and positive osmotic pressure gradient, ∆π amounted to -527 kPa and 
+464 kPa, respectively. Molecular transport in the double emulsions under an osmotic pressure 
gradient was promoted using an end-over-end rotator at 2 rpm during storage at 25 °C (Model 
SB3, Stuart, Staffordshire, UK), by which creaming was prevented. 
 
6.2.3 Water yield determination 
6.2.3.1 Analytical photocentrifugation 
Analytical photocentrifugation was applied on the quasi-isotonic samples (as stored for 14 days 
at 5 and 25 °C) using a LUMiFuge 116 instrument (LUM GmbH, Berlin, Germany). Rectangular 
synthetic cells with 2.2 mm path length were used, filled with 0.4 g of the double emulsion. 
Transmission profiles were measured at room temperature (using air cooling) every 300 s during 
centrifugation for 2 hours at a speed of 3000 rpm (max. 1200 x g). The transmission profiles were 
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measured between the top and bottom of the sample cells by radiation of Near Infrared light 
through the cells during centrifugation (Ng et al., 2013). Front tracking at 30% transmission was 
used to calculate the water yield according to Eq. 6.1 and Eq. 6.2 (Balcaen et al., 2015). Hereby, 
the applied volume% oil and volume% W1-phase of the prepared W/O/W emulsion amounted to 
26.5% and 24.5%, respectively.  𝑉𝑉𝑉𝑉𝑉𝑉. % 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐻𝐻𝑐𝑐𝐻𝐻𝐻𝐻ℎ𝑡𝑡 𝑉𝑉𝑜𝑜 𝑡𝑡ℎ𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑉𝑉𝑐𝑐𝑙𝑙𝑐𝑐𝑐𝑐 (𝑐𝑐𝑐𝑐)𝐻𝐻𝑐𝑐𝐻𝐻𝐻𝐻ℎ𝑡𝑡 𝑉𝑉𝑜𝑜 𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑉𝑉𝑐𝑐 (𝑐𝑐𝑐𝑐)  ∙ 100% 
 
(6.1) 𝑊𝑊𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐 𝑙𝑙𝐻𝐻𝑐𝑐𝑉𝑉𝑦𝑦 𝐿𝐿𝐿𝐿𝐿𝐿(%) = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐% 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐% 𝑉𝑉𝐻𝐻𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐% 𝑊𝑊1 ∙ 100% (6.2) 
 
6.2.3.2 Pfg-NMR diffusometry 
Pulsed field gradient-NMR measurements were performed by a Maran Ultra 23 NMR 
spectrometer (Oxford Instruments, UK) operating at a frequency of 23.4 MHz. The samples were 
adequately filled in 18 mm outer diameter glass NMR-tubes (Oxford Instruments, UK) and 
measured at 5 °C (see section 3.3.1). Pfg-NMR experiments were performed as explained in 
section 2.2.2, except for the applied δ and Δ, which were set at 2.5 ms and 60 ms, respectively.  
The enclosed water volume fraction (EV), the arithmetic mean radius (R43) of the lognormal 
volume-weighted inner water droplet size distribution, the effective diffusion coefficient in the 
external water phase and the echo intensity in the absence of a magnetic field gradient were 
determined by performing a least-squares fit of the model (EMCFW, Eq. 2.3) to the echo intensity 
data using Matlab 7.50.342 (R2007b) software (The MathWorks). For reasons of unreliable 
estimations, the arithmetic standard deviation of the lognormal distribution was not taken as a 
freely adjustable parameter within the model, but was kept constant at 0.50 µm. Hereby, the EV 
is the total percentage of water entrapped as internal water droplets, whereas the water yield is the 
measured enclosed water volume fraction in comparison to the theoretical maximum value (Eq. 
6.3): 𝑊𝑊𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐 𝑙𝑙𝐻𝐻𝑐𝑐𝑉𝑉𝑦𝑦 𝑁𝑁𝐿𝐿𝑁𝑁(%) = 𝐸𝐸𝑉𝑉𝑁𝑁𝐿𝐿𝑁𝑁𝑇𝑇ℎ𝑐𝑐𝑉𝑉𝑐𝑐𝑐𝑐𝑡𝑡𝐻𝐻𝑐𝑐𝑐𝑐𝑉𝑉 𝑐𝑐𝑐𝑐𝑚𝑚𝐻𝐻𝑐𝑐𝑉𝑉𝑐𝑐 𝐸𝐸𝑉𝑉 ∙ 100% (6.3) 
CHAPTER 6 
 
124 
 
For a 25:25:50 W/O/W double emulsion, the theoretical maximum EV amounts to 33.3% (i.e. 
25/(25+50) · 100%). 
The quasi-isotonic samples were measured (at 5 °C) after 14 days of storage at 5 and 25 °C. The 
samples under osmotic stress were measured (at 5 °C) within 2 h after preparation, as well as 
after 1, 2, 3, 5, 7 and 14 days of storage time at a storage temperature of 25 °C. 
 
6.2.4 Whey protein isolate concentration determination 
For separation of the outer aqueous phase and cream layer of the fluid-like W/O/W emulsions, a 
low-speed centrifugation step at 500 x g for 40 minutes (benchtop centrifuge Sigma 3-16P, 
Germany) was applied, followed by an ultracentrifugation step (45000 rpm for 1 h) on the 
resulting subnatant to remove small multiple droplets (301091 x g, Beckman Ultracentrifuge L7-
55, USA). Separation of the outer aqueous phase of the emulsions with an increased viscosity 
upon storage directly required an ultracentrifugation step at 45000 rpm for 1 h (Beckman 
Ultracentrifuge L7-55, USA).  
The WPI concentration in the separated outer aqueous phase was measured by the simplified 
Lowry method, described by Schacterle and Pollack (1973). For measuring the whey protein 
isolate concentration in the samples (appropriately diluted using W1-phase with composition as 
shown in Table 6.1), 1 ml of alkaline Cu-reagent was added to 1 ml sample and mixed with a 
vortex mixer. After 10 minutes leaving undisturbed, 4 ml of phenol-reagent was added and the 
tubes were turned upside down two times. The alkaline Cu-reagent contained 0.025 wt% 
copper(II) sulfate pentahydrate, 0.05 wt% disodium tartrate, 5 wt% disodium carbonate, and 0.25 
N sodium hydroxide in deionized water. The phenol-reagent contained 6 vol% Folin-
Ciocalteaous in deionized water. The tubes were placed in a hot water bath at 55 °C for 5 minutes 
and then immediately put in an ice water bath. Within 30 minutes, the absorbance of the samples 
were measured using a spectrophotometer (UV 1600 PC, VWR) at 650 nm. The resulting values 
were compared to the absorbance of a WPI standard series (Fig. 6.1), which contained 0, 0.004, 
0.008, 0.012, 0.016, 0.020 and 0.024 wt% WPI protein in W1-phase. The mathematical 
expression of the polynomial fit on the standard series was y = - 287·x2 + 37.4·x.  
The disrupted water droplet (volume) percentage can be determined by taking the ratio of the 
measured WPI concentration in the separated outer aqueous phase of the W/O/W emulsion to the 
concentration associated with maximum destruction.  
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Akin to the samples under osmotic stress (storage at 25 °C), the quasi-isotonic samples were 
measured (at 5 °C) within 2 h after preparation, as well as after 1, 2, 3, 5, 7, 14 and 21 days of 
storage (at 5 and 25 °C). 
 
 
Fig. 6.1: Polynomial fit of the absorbance at 650 nm of the WPI standard series as prepared 
according to simplified Lowry method (Schacterle and Pollack, 1973). 
 
6.2.5 WPI yield determination 
The WPI yield was calculated upon entering the measured WPI concentration in the outer 
aqueous phase 𝐶𝐶𝑊𝑊𝑊𝑊𝑊𝑊𝑂𝑂𝑂𝑂𝑊𝑊 and the water yield in Eq. 6.4: 𝑊𝑊𝑊𝑊𝑊𝑊 𝑙𝑙𝐻𝐻𝑐𝑐𝑉𝑉𝑦𝑦 (%) = [1 − 𝐶𝐶𝑊𝑊𝑊𝑊𝑊𝑊𝑂𝑂𝑂𝑂𝑊𝑊𝑐𝑐𝑊𝑊𝑊𝑊𝑊𝑊 ∙ [𝑐𝑐𝑊𝑊2 + 𝑐𝑐𝑊𝑊1(1 − 𝑊𝑊𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐 𝑙𝑙𝐻𝐻𝑐𝑐𝑉𝑉𝑦𝑦)]] ∙ 100% (6.4) 
Where 𝑐𝑐𝑊𝑊𝑊𝑊𝑊𝑊 refers to the mass of WPI added to the internal aqueous phase during preparation of 
100 g of 25:25:50 W/O/W emulsion (e.g. 0.625 g WPI when using 2.5% WPI containing W1-
phase). 𝑐𝑐𝑊𝑊1 and 𝑐𝑐𝑊𝑊2 refer to the applied mass of the W1 phase (i.e. 25 g) and W2 phase (i.e. 50 
g) during preparation of 100 g W/O/W emulsion. 
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6.2.6 Viscosity measurement 
The viscosity of W/O/W samples after 1 day and 5 days of end-over-end rotation was measured 
using a Programmable LV-DV-II+ Viscometer (Brookfield, Stoughton, MA, USA) at speeds 
ranging from 30-160 rpm and at room temperature. A spindle SC4-18 was used in combination 
with a small sample adapter (with 6.7 g of sample in the rheometer cell). 
 
6.2.7 Statistical section  
Statistical data were analyzed by a Wilcoxon signed-rank test using S-Plus (Spotfire S+® 
8.2,TIBCO Software Inc.) and by linear regression using Excel (Microsoft Office 2010) at a 5% 
significance level. The error bars represent the standard deviation of three samples per 
measurement. 
 
 
6.3 Results and discussion 
6.3.1 Effect of storage temperature on the transport kinetics of WPI and water 
The water yield of the W/O/W emulsion after 14 days of storage at 5 °C and 25 °C was 
determined by pfg-NMR diffusometry. The results were confirmed by analytical 
photocentrifugation, for which a similar trend in the water yield as a function of applied WPI 
concentration was observed. Fig. 6.2 indicates that the estimated water yield as determined by the 
pfg-NMR method was lower in comparison to the values obtained by analytical 
photocentrifugation. Under certain conditions, the pfg-NMR method might underestimate the 
yield due to exchange between the water phases during the course of the analysis (see section 
3.3.3). In this work, water exchange effects were minimized by measuring at a low temperature 
(5 °C) and by using a small diffusion delay time (∆=60 ms). Recent investigation showed that the 
analytical photocentrifugation method results in an overestimation of the yield due to the 
contribution of interstitial water between the oil droplets in the cream layer (Balcaen et al., 2015). 
Whereas Akhtar and Dickinson (2001) claimed that interstitial water can be accounted for by 
measuring an O/W emulsion with the analytical photocentrifugation method, this is not a 
straightforward approach on account of possible differences in compressibility of the larger 
multiple droplets in the W/O/W emulsion and the oil droplets in the O/W emulsion (Balcaen et 
al., 2015). In this work, the resulting overestimation was limited by performing intensive 
OSMOTICALLY DRIVEN TRANSPORT KINETICS OF ENCLOSED WATER AND WPI 
 
127 
 
centrifugation (2 h at 3000 rpm) and by prohibiting rebound. The water yield for both methods as 
a function of applied WPI concentration was not significantly different at 5 °C and 25 °C. The 
NMR-result of the 5% WPI sample as stored at 25 °C (in Fig. 6.2) might be an outlier.  
 
 
Fig. 6.2: Water yield of W/O/W emulsions upon storage of 14 days at 5 and 25 °C. The W1/O/W2 
emulsions were prepared with 1, 2.5 or 5% WPI in the W1-phase. (NMR = Pfg-NMR 
diffusometry, LUM = analytical photocentrifugation).  
 
Under quasi-isotonic conditions, a minor water transport between the water phases will restore 
the osmotic equilibrium. As the molar mass of whey protein isolate is high, its contribution to the 
osmotic pressure can be neglected and hence, an estimated water yield is expected of 97% at 
osmotic equilibrium, irrespective of the WPI concentration, assuming water permeation from the 
inner to the outer water phase to compensate the original osmotic pressure imbalance of 32 kPa. 
On the other hand, the estimated water yield was mostly lower than 97%. Based on previous 
experiments (see section 5.3.4), it is assumed that the released water from the inner to the 
external water phase is mainly due to water droplet break-up during the turbulent mixing in the 
second emulsification step.  
It is worth mentioning that water migration is driven by the pressure gradient ∆P, i.e. the osmotic 
pressure gradient ∆π and the Laplace pressure ∆PL. The latter is usually much smaller for 
micrometer sized inner water droplets in comparison to ∆π, and thus ∆P is roughly equal to ∆π 
(Bahtz et al., 2015; Leal-Calderon et al., 2012). 
0
20
40
60
80
100
120
5 25
W
at
er
 y
ie
ld
 (%
) 
Storage temperature (°C) 
NMR-1.0 % WPI
NMR-2.5 % WPI
NMR-5.0 % WPI
LUM-1.0 % WPI
LUM-2.5 % WPI
LUM-5.0 % WPI
CHAPTER 6 
 
128 
 
The WPI release from the inner water phase (5%, 2.5% or 1% WPI) into the external water phase 
was measured directly after preparation and up to 21 days of storage (Fig. 6.3a). In Fig. 6.3a, the 
concentration of WPI in the outer aqueous phase did not change significantly as a function of 
time and the absolute WPI release increased with increasing WPI concentration. The diffusion or 
permeation of dissolved hydrophilic compounds might be promoted by increasing the storage 
temperature. Bonnet et al. (2009) described that the release of magnesium chloride in double 
emulsions increased at 25 °C in comparison to 4°C. However, storage of the emulsions in our 
study at 5 °C and 25 °C did not result in a clear trend of the effect on the WPI concentration with 
time (Fig. 6.3a). For 5% WPI, there was a significantly larger WPI concentration at 25 °C (p = 
0.027), whereas for 2.5% and 1% WPI, there was a significantly larger concentration at 5 °C 
(both p = 0.004).  
 
 
 
 
 
a b 
Fig. 6.3: (a) WPI concentration in the separated outer aqueous phase (OAP) obtained from the 
W1/O/W2 emulsions containing 5%, 2.5% or 1% WPI in the W1-phase. The intact emulsions 
were stored at 5 °C or 25 °C. (b) Volume percentage of disrupted water droplets from the 
W1/O/W2 emulsions containing 5%, 2.5% or 1% WPI in the W1-phase.  
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The volume percentage of disrupted water droplets attributed to turbulent mixing during the 
second emulsification step can be calculated using the measured WPI concentration in the outer 
aqueous phase of the samples in comparison to the maximum WPI concentration following 
disruption of all internal water droplets (Fig. 6.3b). Overall, the volume fraction of disrupted 
internal water droplets is about 15% in all cases, except for 1% WPI upon storage at 5 °C. The 
latter suggests that it might be harder to break up the W1/O emulsion droplets when more protein 
is present in the internal water phase. Opperman et al. (2015) reported that emulsions prepared at 
high mixing speed and containing 10% WPI in the W1-phase had a smaller mean oil droplet size 
and higher yield in comparison to emulsions without WPI. The higher yield was explained by 
less expulsion of inner water droplets to the outer water phase. 
Upon inserting the measured WPI concentration and the NMR-based water yield into Eq. 6.4, the 
WPI yield was determined (Table 6.2). The WPI yield of the W/O/W emulsion was not affected 
significantly by storage temperature at 5 or 25 °C. For 1.0% WPI the WPI yield upon storage at 5 
°C was slightly lower, which is in accordance to Fig. 6.3b. The droplet disruption value of 15% 
(and hence, 85% retention) (Fig. 6.3b) is approximately in agreement with the water yield as 
measured by pfg-NMR diffusometry (Fig. 6.2) and the WPI yield (Table 6.2). This agreement 
further indicates that the released water and WPI from the inner to the external water phase was 
mainly due to droplet break-up during the turbulent mixing in the second emulsification step. 
 
Table 6.2: WPI yield of the W1/O/W2 emulsion containing 1.0, 2.5 or 5.0 wt% WPI in W1-phase 
upon storage of 14 days at 5 and 25 °C. 
 
 WPI yield (%) 
WPI concentration (wt%) 5 °C 25 °C 
1.0 84.2 ± 0.2 86.6 ± 0.4 
2.5 89.1 ± 0.3 89.1 ± 0.1 
5.0 88.7 ± 0.3 87.3 ± 0.3 
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6.3.2 Effect of the osmotic pressure gradient (∆π) on the transport kinetics of WPI and 
water 
In order to elucidate the role of an osmotic pressure gradient on the kinetic release of WPI from 
the double emulsion, a positive and negative osmotic pressure gradient between the inner (W1) 
and outer aqueous phase (W2) was created. Whereas osmotic equilibration between two aqueous 
phases through water transport occurs rapidly (i.e. less than 24 h), the migration of co-solutes 
might occur during a longer period of time (Leal-Calderon et al., 2012). Therefore, the 
characteristics of the W/O/W emulsions in our study were monitored up to 21 days of storage at 
room temperature.  
After 1 day of end-over-end rotation, the appearance of the W/O/W emulsion (under positive and 
negative osmotic pressure gradient) changed from a fluid-like to gel-like consistency. Also when 
subjecting the double emulsion under quasi-isotonic conditions to end-over-end rotation, its 
viscosity increased with increasing storage time (Fig. 6.4). Hence, the observed change in 
consistency was independent of the applied osmotic pressure gradient over the water phases. In 
order to elucidate the physicochemical changes that induced the viscosity change, further 
experiments are required. 
 
 
Fig. 6.4: Viscosity of the W/O/W emulsion (under quasi-isotonic conditions) after 1 day and 5 
days of end-over-end rotation at 25 °C.  
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To compare the transport kinetics of WPI and water in double emulsions under different osmotic 
pressure gradients, the WPI yield and water yield as a function of storage time were determined. 
The WPI yield determination requires the measurement of the WPI concentration in the outer 
aqueous phase, as well as of the water yield. 
The WPI concentration in the outer aqueous phase as a function of storage time is shown in Fig. 
6.5. After 1 week of storage, the WPI concentration for the emulsion under negative osmotic 
pressure gradient increased, whereas it hardly changed for the emulsion under positive osmotic 
during storage. The water yield was determined by pfg-NMR diffusometry as a function of 
storage time (Fig. 6.6). The analytical photocentrifugation method was not possible because the 
device could not completely separate the gel-like W/O/W emulsion into its outer aqueous phase 
and cream layer. 
 
Fig. 6.5: WPI concentration in the outer aqueous phase (OAP) of end-over-end rotated W/O/W 
emulsions containing 2.5% of WPI in the W1 phase under negative (πi - πe < 0) and positive 
osmotic pressure gradients (πi - πe > 0) as a function of storage time at 25 °C.  
 
Using Eq. 6.4, the WPI yield was determined as a function of storage time (Fig. 6.6). The WPI 
yield of the W/O/W emulsion at conditions ∆π > 0 amounted to 92.5 ± 1.1% after preparation and 
87.4 ± 1.3% after 14 days of storage. In case of ∆π < 0, the WPI yield amounted to 88.8 ± 0.3% 
and 85.0 ± 0.5%, respectively (Fig. 6.6). In contrast to the WPI yield, the change in water yield 
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discussed in detail for each applied osmotic pressure gradient in the following sections. It is 
known that the migration behavior of water and dissolved components in double emulsions might 
differ (Bonnet et al., 2009). The release of large hydrophilic compounds from double emulsions 
has been reported to be reduced when salt was present in the inner water phase (Bjerregaard et 
al., 1999b). This phenomenon has been explained by the formation of a more rigid oil-water 
interface upon salting out of the surfactant layer. 
 
a  
b  
Fig. 6.6: Water yield and WPI yield of end-over-end rotated W/O/W emulsions (containing 
2.5% of WPI in the W1 phase) under a positive (a) and negative (b) osmotic pressure gradient 
as a function of storage time at 25 °C.  
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6.3.2.1 W/O/W under a positive osmotic pressure gradient (πi - πe > 0) 
The very high water yield for the freshly prepared emulsion under a positive osmotic pressure 
gradient clearly indicates that water transport from the external to the inner water phase occurred 
(Fig. 6.6a). The fast water transport occurred in less than 2 h, which is in accordance to the fast 
water transport described in literature (Bonnet et al., 2009). Mostly, the osmotic equilibration of 
the water phases through water transport is achieved after a time period of 24 h, during which no 
significant amount of transport of co-solutes is expected to occur (Leal-Calderon et al., 2012). 
Hence, upon approximation, the osmotic equilibration can be decoupled from other transfer 
phenomena to predict the water yield increase. Assuming that coalescence phenomena did not 
occur in less than 2 h, the estimated water yield at osmotic equilibrium (∆π = 0) is 180%, which is 
in agreement with the measured value in Fig. 6.6a. Water migration into the inner water phase 
reduces the molarity of the compounds in the W1-phase by a factor 1.8 (e.g. the NaCl 
concentration decreases from 100 mM to 57 mM), which result in an equilibrium osmotic 
pressure of 308 kPa in both water phases.  
With increasing storage time, the entrapped water was gradually released (Fig. 6.6a). The water 
yield amounted to 186 ± 7% after preparation and 113 ± 11% after 14 days of storage and hence, 
the rate of water release amounted to −5.42% 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑦𝑦𝑦𝑦𝑤𝑤𝑦𝑦𝑦𝑦𝑠𝑠𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤 𝑦𝑦𝑤𝑤𝑦𝑦  (R2=0.87). Also Leal-Calderon et al. 
(2012) observed a release of the inner water droplets of a double emulsion with a positive 
osmotic pressure gradient between the water phases, which was proposed to originate from 
droplet swelling and subsequently droplet-droplet and droplet-globule coalescence as mediated 
by large compressive forces (Leal-Calderon et al., 2012; Delample et al., 2014). In addition, some 
Tween 80 in the external water phase might have been transported to the internal water phase, 
which might increase the water transport rates (Wen and Papadopoulos, 2000b). Water soluble 
surfactants can solubilize the oil soluble surfactants from the oil phase and thus enhance the 
rupture of the oil film between the W1-phase and W2-phase. However, a coalescence-mediated 
release mechanism can be excluded as the dominant process of molecular transport in our 
samples. Coalescence (i.e. film rupture) between the inner and outer aqueous phase would result 
in the same release kinetics of entrapped species and water (Bjerregaard et al., 1999a), which was 
clearly not the case for water and WPI in our study. Possibly due to the presence of proteins in 
our W/O/W emulsion, coalescence might be inhibited (Herzi et al., 2012).  
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Moreover, the average size of the inner water droplet size distribution (Fig. 6.7) did not indicate a 
coalescence-controlled increase as a function of storage time. Hence, coalescence between the 
inner water droplets upon swelling could not be detected in our samples. 
The gradual release of water with storage time might be explained by thinning of the oil layer 
separating the two water phases upon swelling. The closer contact might stimulate water 
transport through the hydrated surfactant mechanism (Wen and Papadopoulos, 2001). The 
driving force for water transport might originate from the osmotic pressure gradient upon 
entropy-driven migration of sodium chloride from the inner to the outer water phase (Leal-
Calderon et al., 2012). For the same reason as mentioned above, the sodium chloride transport 
must be dominantly diffusion-controlled. It is worth mentioning that in other studies on W/O/W 
emulsions that were prepared with hexadecane and Span 80, a coalescence-controlled salt 
transport was described (Wen and Papadopoulos, 2001).  
 
 
 
Fig. 6.7: Arithmetic mean radius R43 of the inner water droplets of the W/O/W emulsions under a 
negative (∆π < 0) and positive (∆π > 0) osmotic pressure gradient as measured as a function of 
storage time. 
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6.3.2.2 W/O/W under a negative osmotic pressure gradient (i.e. πi - πe < 0) 
In case of a negative osmotic pressure gradient, the average water yield as a function of storage 
time was lower (i.e. 64 ± 3%) in comparison to the quasi-isotonic condition (i.e. 86 ± 2%). It was 
also much lower than the WPI yield (i.e. 88.2 ± 1.6%), which also indicates a non-coalescence 
controlled release. Hence, a fraction of entrapped water might have been released in the time 
period prior to the first measurement (i.e. less than 2 h), after which it remained constant upon 
storage time. Assuming that coalescence phenomena and co-solutes transport did not occur in 
less than 2 h, water migration from the inner to the outer water phase would restore the osmotic 
equilibrium, which increases the molarity of the compounds in the W1-phase by a factor 1.5 (e.g. 
the NaCl concentration increases from 100 mM to 149 mM). The resulting estimated water yield 
at osmotic equilibrium (πi = πe = 804 kPa) is 67%, which is close to the measured ones in Fig. 
6.6b.  
In the event that salt would migrate from the outer water phase (151 mM NaCl) to the inner water 
phase (149 mM NaCl) during storage, the osmotic equilibrium would be quickly restored by a 
minor water transport into the inner water phase and hence, the water yield is hardly expected to 
change. The latter is in agreement with Fig. 6.6b. Based on Fig. 6.7, the average size of the inner 
water droplet size distribution of the double emulsion as measured after 2 h and up to 14 days did 
not change significantly. Hence, the shrinkage of the droplets must have occurred prior to the first 
measurement, after which it remained significantly smaller in comparison to the case of ∆π > 0 (p 
< 0.001). It is worth mentioning that the R43-value of the quasi-isotonic condition amounted to 
1.69 ± 0.11 µm after 14 days of storage, which is smaller than the swollen droplets ∆π > 0 (1.81 ± 
0.08 µm) and larger than the shrunk droplets ∆π < 0 (1.59 ± 0.07 µm). In fact, based on the 
experimentally obtained water yield and assuming a constant number of droplets, an increase of 
the droplet size by a factor 1.12 is expected for ∆π > 0 and a decrease by a factor 0.91 for ∆π < 0, 
both in comparison to ∆π = 0. 
 
 
 
 
 
CHAPTER 6 
 
136 
 
6.4 Conclusions 
W/O/W emulsions with different osmotic pressure gradients between the inner and outer water 
phase were prepared. Whey protein isolate (WPI) was entrapped in the inner water phase and its 
release kinetics to the outer water phase were investigated by measuring the released 
concentration by UV/VIS spectrophotometry according to the Schacterle and Pollack method, as 
well as by measuring the water distribution in the double emulsion by pfg-NMR diffusometry. 
The latter results were confirmed by analytical photocentrifugation. The resulting transport 
kinetics of WPI and water were compared. Without an osmotic pressure gradient, WPI molecules 
and water behaved similarly as a function of storage time at 5 or 25 °C. Under a positive osmotic 
pressure gradient, water migrated very fast into the inner water phase, after which it gradually 
migrated in the opposite direction into the outer water phase, possibly as a reaction on the 
distribution of salt over the total water volume. Under a negative osmotic pressure gradient, water 
migrated very fast into the outer water phase, after which an osmotic equilibrium was reached by 
water transport between the water phases at approximately equal salt concentration. In 
comparison to water, the transport kinetics of WPI varied much less in the emulsions under a 
positive and negative osmotic pressure gradient. The divergence in behavior between water and 
WPI indicated that their release was not governed by a coalescence-mediated mechanism. It 
rather indicates the dependence on molar mass of the diffusion-controlled release of the 
investigated species. 
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Abstract 
 
Using NMR diffusometry, the diffusion of water and tetramethylammonium chloride was 
recorded in order to determine the water droplet size distribution in W/O emulsions. This study 
aimed at evaluating the effect of extradroplet diffusion of water on the estimated droplet size 
distribution upon comparison to the real droplet size distribution. The latter originated from the 
diffusion behavior of the tetramethylammonium cation (TMA+), which is known to have a much 
lower permeability through the oil phase as compared to water. Whereas both low-resolution and 
high-resolution pulsed field gradient NMR revealed that the water droplet size overestimation 
could be reduced selecting either a lower measurement temperature during diffusion analysis, or 
a smaller diffusion delay value ∆, still comparison to TMA+ diffusion indicated that artefacts 
were unavoidable even at low ∆ and temperature. In order to correct for this extradroplet water 
diffusion phenomenon, different data analysis methods were evaluated. The previously described 
Pfeuffer exchange model could only partly compensate for the effect of extradroplet diffusion on 
the water droplet size determination. On the other hand, accurate water droplet size analysis 
results were obtained by correcting the experimentally determined diffusion distances based on 
Einstein's diffusion law. As such, reliable data could be obtained by low resolution NMR based 
on water diffusion at or even above room temperature. 
 
 
 
 
Redrafted after Vermeir L., Sabatino P., Balcaen M., Declerck A., Dewettinck K., Martins C. J. 
and Van der Meeren P. (2016). Effect of molecular exchange on water droplet size analysis in 
W/O emulsions as determined by diffusion NMR. Journal of Colloid and Interface Science, 463, 
128-136. DOI:10.1016/j.jcis.2015.10.023 
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7.1 Introduction 
The water droplet size distribution is an important feature of W/O emulsions. It provides 
information about the efficiency of the homogenization method and the applied emulsifier, as 
well as about the gravitational, coalescence and microbiological stability upon storage. Moreover, 
the water droplet size distribution influences the rheology, appearance, texture, flavor and 
compound release rate of emulsions (Denkova at al., 2004; Ambrosone et al., 2004; Voda and 
Van Duynhoven, 2009).  
Low-resolution benchtop NMR is a routinely used technique for characterization of a wide range 
of emulsions in food process control and development (van Duynhoven et al., 2002). 1H Pulsed 
field gradient (pfg) NMR is a fast and non-destructive method applicable for determination of the 
droplet size distribution of highly concentrated, opaque, aggregated or flocculated food emulsions. 
It can even be used in the presence of non-droplet particles (i.e. gas bubbles, or protein and starch 
particles) (Denkova at al., 2004; Bernewitz et al., 2011). Murday and Cotts (1968) introduced a 
data analysis procedure whereby the droplet size distribution is estimated from the restricted 
(intradroplet) diffusion coefficient of molecules of the dispersed phase, assuming the droplet 
boundaries to be impermeable. 
Previous studies either applying confocal laser scanning microscopy or water signal 
measurements by high-field and low-field pfg-NMR on W/O and W/O/W emulsions showed that 
molecular transport of water molecules through the oil layer can occur (Bernewitz et al., 2011; 
Balinov et al., 1996, Fourel et al., 1994; Van den Enden et al., 1990; Guan et al., 2010; Bernewitz 
et al., 2013). This type of extradroplet water diffusion has been reported to become increasingly 
important with increasing measurement temperature and NMR diffusion delay time ∆, which 
results in an apparent increase in particle size when using the Murday and Cotts procedure 
(Murday and Cotts, 1968; Balinov et al., 1996; Fourel et al., 1994; Van den Enden et al., 1990; 
Wolf et al., 2009).  
Whereas several authors pointed out that these artefacts can be minimized by measuring at low ∆ 
and temperature (typically at 5 °C), the question remains whether these precautions can 
completely rule out the effect of extradroplet water diffusion on the estimated particle size. An 
additional goal of this research project is to find out whether the effect of extradroplet diffusion 
can be compensated by adequate data analysis. Both aspects are crucial to obtain accurate particle 
size information based on low-resolution NMR water diffusion.  
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To that end, low-resolution and high-resolution pfg-NMR were combined. Whereas the former 
provides a more practical and less expensive approach for measuring water diffusion, the latter 
enables water soluble compounds to be monitored as well (So and Lodge, 2014; Lasič et al., 
2009). Hindmarsh et al. (2005) and Guan et al. (2010) reported on the permeation rate of water 
through an oil film of about 20 s-1 as measured at 17-20 °C, whereas the permeation rate of 
charged and non-charged molecules of similar size (i.e. about 100 g/mol) through a hydrophobic 
membrane at 25 °C amounted to only 0.17 s-1 and 2.5 s-1, respectively (So and Lodge, 2014). As 
a further consequence, concurrent spectrally-resolved diffusion NMR analysis of aqueous 
dissolved molecular species and water molecules in W/O emulsions can demonstrate the effect of 
molecular exchange during droplet size analysis. Tetramethylammonium chloride was selected as 
it is highly water soluble, it gives a single and intense signal in a specific NMR region without 
overlap with water or oil and because of its low permeability through the oil phase due to its ionic 
nature (Lasič et al., 2009; Yadav and Price, 2009; Malmborg et al., 2003).  
To our knowledge, this is the first study of the simultaneous multi-measurement temperature 
diffusion analysis of water and a dissolved marker enclosed in W/O emulsion droplets as 
measured at different diffusion delay values ∆ using both low-resolution and high-resolution pfg-
NMR.  
 
 
7.2 Materials and methods 
7.2.1 Materials 
The lipophilic emulsifier polyglycerol polyricinoleate (PGPR 4150; min. 75% n-glycerols with 
n=2, 3 and 4; max. 10% m-glycerols with m≥ 7) was kindly provided by Palsgaard A/S 
(Denmark), whereas the hydrophilic emulsifier sodium caseinate (5.5% moisture; 96% protein on 
dry matter) was received as a gift sample from Armor Protéines (Saint Brice en Cogles, France). 
High oleic sunflower oil (Hoso, Iodine Value=87; 82% C18:1) was purchased from Contined 
B.V. (Bennekom, The Netherlands). Soft palm mid fraction (soft PMF; Iodine Value= 42-50; 
SFC= 79% at 5 °C) was acquired from Unigra Sp. (Conselice, Italy). 
Tetramethylammonium chloride (TMACl; MW 109.60 g/mol) and tetraethylammonium fluoride 
(149.25 g/mol) were obtained from Sigma-Aldrich (Steinheim, Germany). Deuterated water with 
a purity of 99.8 atom %D was purchased from Armar Chemicals (Switzerland). Poly-(sodium 4-
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styrenesulfonate) (70000 g/mol) was purchased from Acros Organics (Geel, Belgium). 
The 0.1 M phosphate buffer solution (pH 6.7) contained 0.02% (w/v) of the anti-microbial agent 
NaN3 (Acros Organics, Geel, Belgium), KH2PO4 (Merck KGaA, Darmstadt, Germany) and 
K2HPO4 (Alfa Aesar, Karlsruhe, Germany). Unless stated differently, the above mentioned 
chemicals were of analytical grade.  
 
7.2.2 Emulsion preparation 
The water phase of the W/O emulsions that were investigated by both high and low-resolution 
NMR contained 800 mM TMACl in a mixture of D2O/H2O (50:50, wt%) and the oil phase 
consisted of 2.5 wt% PGPR in Hoso. Both phases were heated to 60 °C and the W/O emulsions 
(40 g of 50:50, w/w) were mixed at 60 °C with an Ultra-Turrax (type S25KV - 25G, IKA®-
Werke, Germany) at 6500 rpm for 4 min.  
Regarding the composition and preparation of the Hoso-based W/Oh emulsions and soft PMF-
based W/Os emulsions investigated only by low-resolution NMR, reference is made to the 
procedure described by Su et al. (2006), which differs in the applied phase ratio and surfactant 
concentration. An Ultra-Turrax (type S 50 N - G 45 F, IKA®-Werke, Germany) and a 
Microfluidizer (type M110S, Microfluidics) at 840 bar (driving air pressure of 6 bar) for 1.5 min 
were used to premix and homogenize the W/O-emulsion (160 g, 50:50, w/w) at 60 °C, 
respectively. The water phase contained 1.25% (w/v) sodium caseinate and 0.1 M phosphate 
buffer solution (pH 6.7). The latter contained 0.02% (w/v) of the anti-microbial agent NaN3, 
KH2PO4 and K2HPO4. The fat phase consisted of 2.5% (w/v) PGPR in soft PMF or Hoso. Part of 
the 50:50 W/Oh emulsion was ultracentrifuged at 18000 rpm for 2 h at 10 °C (129600 x g, 
Beckman Ultracentrifuge, L7-55, USA); the separated oil phase was used for dilution of the 
50:50 W/O emulsion into a 40:60, 30:70, 20:80 and 10:90 W/O emulsion. 
All samples were cooled in an ice/water bath for 40 minutes and subsequently stored in the 
refrigerator.  
 
7.2.3 High-resolution pfg-NMR diffusometry  
High-resolution pfg-NMR diffusion analysis was performed with a Bruker Avance III 
spectrometer operating at a 1H frequency of 500.13 MHz and equipped with a 5 mm DIFF30 
gradient probe with a maximum gradient strength of 18 T/m. Measurements were performed at 5, 
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15 or 25 °C and the temperature was controlled to within ± 0.01 °C with a Eurotherm 3000 VT 
digital controller. The samples (560 to 650 µL) were filled in 5 mm diameter glass NMR-tubes 
(Armar Chemicals, Switzerland). Pulsed field gradient (pfg) NMR experiments were performed 
using a monopolar (single) stimulated echo pulse sequence. The W/O emulsion was measured 
upon varying the gradient strength (G) to values lower than 17.5 T/m while keeping the duration 
(δ) constant (3.0 ms) and the diffusion delay (Δ) fixed at 125-250-500 ms. The free self-diffusion 
coefficient of water and TMACl in the water phase was measured (Ds) upon varying G between 
0.03 and 1.3 T/m while keeping δ and ∆ constant at 1 ms and 50 ms, respectively. As such, the 
Ds,water value amounted to 1.14E-9, 1.53E-9 and 2.00E-9 m2/s at 5, 15 and 25 °C, whereas the Ds, 
TMACl value amounted to 5.10E-10, 7.03E-10 and 9.01E-10 m2/s at 5, 15 and 25 °C, respectively.  
 
7.2.4 Low-resolution pfg-NMR diffusometry  
NMR measurements were performed on a benchtop Maran Ultra spectrometer (Oxford 
Instruments, UK) operating at a frequency of 23.4 MHz. Samples were adequately filled as 
described in section 3.3.1. 
Pulsed field gradient (pfg) NMR experiments were performed as explained in section 2.2.2, 
except for the applied values of the δ and Δ NMR parameters. The applied δ and Δ for the 
experiment with TMACl amounted to 3.0 ms and 120-240-500 ms, respectively. The applied δ 
and Δ for the experiment with sodium caseinate was 2.5 ms and 60-80-100-140-220 ms, 
respectively. This study conducted pfg-NMR measurements at 5, 15, 25 and 35 °C, for which the 
applied NMR parameters are given in Table 3.1 (see section 3.2.2).  
The free self-diffusion coefficient Ds of the 800 mM TMACl containing water phase amounted to 
8.82E-10, 1.23E-9 and 1.58E-9 m2/s at 5, 15 and 25 °C, respectively. These latter values roughly 
comply with the weighted average of the Ds, water and Ds, TMACl as obtained from high-resolution 
NMR. Using a H-molar concentration for H2O of 55.6 mol H per liter (i.e. ½ · 55.6 mol/L · 2 mol 
H/mol), a H-molar concentration for TMACl of 9.6 mol H per liter (i.e. 0.8 mol/L · 12 mol 
H/mol) and a fraction for water of 55.6/(55.6+9.6), the weighted average amounts to 1.05E-9, 
1.41E-9 and 1.84E-9 m2/s at 5, 15 and 25 °C, respectively.  
The Ds value of the water phase containing 1.25% sodium caseinate in 0.1 M phosphate buffer 
solution amounted to 1.20E-9, 1.75E-9, 2.29E-9 and 2.82E-9 m2/s at 5, 15, 25 and 35 °C, 
respectively. 
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7.2.5 Statistical section 
The uncertainty of the estimated values and error bars in the graphs represent the standard error 
of the estimates. The latter values were obtained directly from the Matlab fitting procedure or by 
the Monte Carlo method (Motulsky and Ransnas, 1987).  
A 95% confidence interval was constructed using linear regression in Excel (Microsoft Office 
2010). Regarding the comparison of model fitting with a different number of parameters of the 
diffusion data, the applied measure of goodness-of-fit was the root mean squared error (RMSE), 
whereas the fit to relative trend was measured by the adjusted R2-value.  
Statistical data were analyzed using S-Plus (Spotfire S+® 8.2, TIBCO Software Inc.) and the 
statistical significance was set at p < 0.05. 
 
 
7.3 Water diffusion model selection  
Two models were applied to accommodate the diffusion behavior of water in droplets. 
The normalized attenuation of the NMR signal of the population of possible spherical droplet 
radii r with a certain probability Pv can be described by an extension of the Murday and Cotts 
equation EeMC (Eq. 2.2), provided that water exchange through the oil or fat phase is negligible 
during the analysis (see section 2.2.3). The best fitting arithmetic mean radius (R43), arithmetic 
standard deviation (σ) of the lognormal volume-weighted particle radius distribution, as well as 
the intensity of the echo signal at G=0 T/m (I0) are obtained upon performing a least-squares fit 
of Eq. 2.2 to the echo intensity data using Matlab 7.5.0.342 (R2007b) software (The MathWorks). 
The normalized attenuation of the NMR signal of intracellular water in glial cells, with finite 
membrane water permeability, surrounded by extracellular water (Fig. 7.1a) can be described by 
the Pfeuffer exchange model (EPf, Eq. 2.4). Based on the resemblance with the cellular system, 
our study evaluated the application of the Pfeuffer model to W/O emulsions (Fig. 7.1b). In this 
case, the parameters of the W/O emulsion from Eq. 2.4, i.e. p1,2, p1,2′ , D1,2 , D1,2′  and τ1,2  are 
associated with water in the droplets and in the oil phase, where p1 approximates one due to the 
limited solubility of water in triglycerides. Hereby, it is worth mentioning that in case of p2 = 0 
(and hence, p1=1), the application of the Pfeuffer model becomes questionable (see Table 2.3). 
The values of R43, σ, p2, D2 and τ1 were determined upon performing a least-squares fit of Eq. 2.4 
to the echo intensity data as measured for a series of ∆ using Matlab 7.5.0.342 (R2007b) software 
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(The MathWorks). The p1 and τ2 values follow from 𝑝𝑝1 = 1 − 𝑝𝑝2 and 𝜏𝜏2 = 𝜏𝜏1 ∙ 1−𝑝𝑝1𝑝𝑝1 , respectively. 
For reasons of a better goodness-of-fit, the I0 value was not taken as a freely adjustable parameter 
within this model; the experimental values at zero gradient strength were used. D1 as a function 
of q2 results from taking the partial derivative of the fitted magnetization attenuation using the 
estimated R43 and σ (Eq. 2.7).  
 
  
a b 
Fig. 7.1: Application of the Pfeuffer model for schematically drawn systems. (a) Glial cells in an 
extracellular aqueous medium with mean residence time τ1 and τ2 in p1 (cell) and p2 (medium), 
respectively. (b) W/O emulsion with mean residence time τ1 and τ2 of water in p1 (droplets) and 
p2 (oil phase), respectively. 
   
 
7.4 Results and discussion 
7.4.1 Water versus tetramethylammonium chloride diffusion 
In a first experiment, a comparative study of water and marker compound diffusion in W/O 
emulsions was performed using high and low-resolution pfg-NMR diffusometry. 
To that end, several markers were evaluated. It is clear that an appropriate marker requires a 
preferably intense signal in the 1H-NMR spectrum that does not overlap with the oil signal of the 
emulsion. As such, tetraethylammonium fluoride and poly-(sodium 4-styrenesulfonate) were 
rejected, because the signal of the methyl group protons of TEAF (at 1.2 ppm) and the methylene 
and methanetriyl proton group of PSS (at 1.5 ppm) partially overlap with the fat signal (at 0-2 
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ppm). Moreover, both markers result in distributed signals in the NMR spectrum due to different 
H-containing functional groups in the molecule. 
Tetramethylammonium chloride at an aqueous concentration of 800 mM showed to be an 
appropriate marker (Fig. 7.2). It was chosen based on its ionic nature (and hence, lower oil 
permeability) and use in recent studies on W/O emulsions (Lasič et al., 2009; Yadav and Price, 
2009; Malmborg et al., 2003). Considering W/O emulsions (Fig. 7.2b), the marker diffusion can 
be followed at 2.9-3.2 ppm, whereas water diffusion is probed at 4.7 ppm.  
 
 
 
 
 
a 
 
 
 
 
b 
Fig. 7.2: 1H-NMR spectra of (a-b) tetramethylammonium chloride in D2O. For (b) the water 
phase is emulsified into a 50:50 W/O emulsion. 
 
The water exchange process might be physico-chemically interpreted in terms of a finite water 
solubility and diffusivity in oil (So and Lodge, 2014). As ionic marker molecules have a reduced 
solubility in hydrophobic media, their permeability is significantly lower (So and Lodge, 2014; 
Malmborg et al., 2003). Consequently, the signal of the marker (which is completely confined 
within the water droplet of the W/O emulsion) is expected to reflect the maximum travelled 
distance that is ∆-independent and only affected by the droplet size and shape, provided that the 
diffusion delay value is sufficiently long (Yadav and Price, 2009; Malmborg et al., 2003).  
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The effect of diffusion delay value and measurement temperature on the measured NMR echo 
decays of water and TMACl of the W/O emulsion as a function of q2/Ds are shown in Fig. 7.3. 
Normalization of q2 by Ds makes the echo decay of compounds with different Ds in the water 
phase coincide, provided their diffusion behavior is similar. In contrast to the normalized signal 
attenuation of water, the TMACl marker signal is almost independent of ∆ (Fig. 7.3a) and 
measurement temperature (Fig. 7.3b) using high-resolution pfg-NMR diffusometry. Assuming 
that the proton diffusion data of water and marker can be described by Eq. 2.2, the model could 
describe the data relatively well (Fig. 7.3b). The droplet size information of the resulting two 
diffusion data sets is depicted in Fig. 7.4.  
Regarding the water signal as measured at 5 °C, the estimated droplet size was affected by ∆ to a 
limited extent, whereas it strongly increased with increasing measurement temperatures from 5 
over 15 to 25 °C, especially at a larger ∆-value (i.e. 500 ms). Using the water signal, the apparent 
droplet size increase originates from a more Gaussian diffusing water signal (i.e. diffusion is not 
restricted by the droplet boundary), corresponding to a finite permeability of water through the oil 
during time ∆. The measurement temperature affects both the solubility and diffusivity of water 
through oil (Hilder, 1968; Hilder and van den Tempel, 1971). On the other hand, the diffusion 
delay time affects the water diffusion signal when molecular exchange occurs (Yadav and Price, 
2009; Malmborg et al., 2003; Johns and Hollingsworth, 2007).  
Concerning the marker signal, the application of larger ∆-values resulted in a small decrease in 
droplet size, albeit not significantly at the 0.05 level (p=0.18 and p=0.10 at 5 °C and 25 °C, 
respectively). It should be noted that this effect was less pronounced when considering the 
geometric mean radius (R33) of the volume-weighted lognormal distribution function. Small 
differences in R33 and ln(σg) (i.e. the natural logarithm of the geometric standard deviation) are 
magnified in the R43-calculation according to Eq. 2.11. In any respect, the data for TMACl using 
a ∆=500 ms are more reliable, because the Ds, water is 2.3 times larger than the Ds, TMACl -value and ∆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ∆𝐻𝐻2𝑂𝑂 = 𝐷𝐷𝐻𝐻2𝑂𝑂 𝑎𝑎𝑎𝑎 𝑇𝑇𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎 𝑇𝑇 is required in order to have a similar displacement for water and the marker. 
Since all water molecules experience restricted diffusion (ξ >> 1) in droplets of 1.75 µm radius 
using a ∆=125 ms (Ds, water ·∆ / radius2 = ξ = 47 at 5°C), it follows that the marker molecules also 
feel the boundary effects using a ∆ that is 2.3 times larger than 125 ms (Price, 2009). 
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According to a Wilcoxon signed rank test at the 0.05 level, the estimated droplet size did not 
change significantly with temperature (p=0.25), which indicates a much lower permeability of the 
marker through the hydrophobic layer. As the radius from the marker signal was unaffected by 
exchange, it is defined here as the real water droplet radius.  
 
 
 
 
 
 
 
 
 
a  
 
 
 
 
 
 
 
b  
Fig. 7.3: (a) Effect of diffusion delay value ∆ (at 25 °C) and (b) effect of measurement 
temperature (using ∆=500 ms) on the normalized echo intensity of water and 
tetramethylammonium chloride in the W/Oh emulsion as a function of the diffusion coefficient 
(Ds) normalized q2. The lines represent the fitting of Eq. 2.2 to the diffusion data.  
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With decreasing temperatures from 25 °C over 15 °C to 5 °C, the difference in R43 as obtained 
from the water and marker signal reduced. Upon comparing comparable displacements (i.e. using 
∆=125 ms for water and ∆=500 ms for the marker), the marker diffusion data at the lowest 
measurement temperature (i.e. 5 °C) resulted in an R43 of 1.49 ± 0.01 µm. In comparison, the R43-
value of the water droplet obtained from the water signal was about 0.25 µm larger (1.75 ± 0.01 
µm). Hence, the general advice to measure at a low temperature in order to determine the real 
droplet size is a step in the right direction, albeit only to some extent by virtue of the remaining 
15% overestimation at 5 °C.   
 
 
Fig. 7.4: Effect of measurement temperature and diffusion delay value (∆) on the estimated R43-
value using Eq. 2.2 on the water and TMACl diffusion data of the W/Oh emulsion using HR-
NMR and ∆=500 ms, ∆=250 ms and ∆=125 ms. Also the radius obtained from the water LR-
diffusion data at 500 ms is included. Dashed lines represent a guide to the eye. 
 
In Fig. 7.4 the results from the simultaneous low-resolution (LR) NMR-measurement at ∆=500 
ms are included, which completely overlap with the estimated R43 (using Eq. 2.2) as measured at 
5-15-25 °C using high-resolution (HR) NMR. Increasing the temperature from 5 to 25 °C 
resulted in a droplet size increase from 1.65 ± 0.02 µm to 2.74 ± 0.13 µm (∆= 120 ms), from 1.73 
± 0.01 µm to 2.97 ± 0.04 (∆= 240 ms) and from 1.85 ± 0.02 to 3.31 ± 0.07 µm (∆= 500 ms). 
Despite the slightly different applied values in the low ∆-range (i.e. 120 ms and 240 ms), the 
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effect of measurement temperature on the estimated radii was comparable to the HR-NMR 
experiments. 
Turning to the arithmetic standard deviation σ of the volume-weighted lognormal distribution as 
measured at ∆=500 ms, the values coming from the marker HR-data were nearly temperature 
independent (i.e. about 1 µm). Using the water HR-data, an increase from 1.06 ± 0.02 µm over 
1.52 ± 0.01 µm to 2.40 ± 0.03 µm was detected at 5, 15 and 25 °C. Also the standard deviation 
value collected from the water LR-data increased from 0.75 ± 0.04 over 1.01 ± 0.03 to 1.46 ± 
0.12 µm at 5, 15 and 25 °C. In contrast to the arithmetic standard deviation, which consolidates 
the R43-value, the geometric standard deviation σg of the W/O emulsions was approximately 
temperature independent (i.e. the average for all three T-conditions amounted to 1.82 ± 0.12 for 
HR and 1.51 ± 0.03 for LR), which is similar to the temperature independency of the values as 
previously described (Fourel et al., 1994). 
Different stages in the water diffusion from the dispersed to the continuous phase of W/O 
emulsions have been proposed. Water migrates through the droplet’s interface and the continuous 
phase, either by molecular diffusion (i.e. individual water molecules) or by reverse micellar 
diffusion (Calderó et al., 2012; Berg et al., 2004). Interestingly, the transport of ionic species by 
reversed micellar diffusion has been observed provided that there was an osmotic pressure 
gradient across the oil film (Cheng et al., 2007). Garti et al. (1985) reported that the PGPR 
concentration prompts reverse micelle formation in the oil. Therefore, it deserves to be mentioned 
that also the effect of PGPR concentration on the thermal induced extradroplet water diffusion 
was briefly investigated (data not shown). For this purpose, PGPR was added post-factum to the 
2.5 wt% (oil basis) PGPR stabilized W/O emulsion in order to double the PGPR concentration 
assuming this intervention did not affect the droplet size. With this addition, an increase of the 
estimated droplet size in the PGPR enriched emulsion was expected on account of the divergence 
between the (larger) travelled distance of water and the real droplet size. However, upon 
measuring the water HR-diffusion signal at ∆= 500 ms, a smaller droplet size at 5 °C (R43=1.68 ± 
0.02 µm) and at 25 °C (R43= 2.65 ± 0.02 µm) was obtained in comparison to the original W/O 
emulsion, as well as a smaller apparent increase in droplet size (i.e. 0.97 µm in comparison to 
1.46 µm). This shows that there were no indications of micellar-enhanced exchange. 
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7.4.2 Water exchange modeling 
The second part of the research comprises the evaluation of water exchange in W/O emulsions 
using different models to fit the low-resolution NMR water diffusion data. In comparison to high-
field NMR, benchtop low-resolution NMR instruments are more robust, less expensive, can 
accommodate larger samples with minimal pretreatment and are less susceptible to system and 
temperature fluctuations, which make them highly appropriate for routine droplet size analysis of 
emulsions using the proton diffusion signal of water molecules (van Duynhoven et al., 2002; 
Fridjonsson et al., 2014). In spite of good accordance between water diffusion measurements 
using spectrally and non-spectrally resolved NMR instruments for droplet size analysis in W/O 
emulsions (Fig. 7.4 and Fridjonsson et al., 2014), the validation against a reference compound (i.e. 
TMACl in Fig. 7.4) prompts us to further explore the physical and NMR instrumental factors in 
order to perform accurate droplet size analyses of W/O emulsions obtained from appropriate 
modeling of the water signal using LR-NMR. 
The soft PMF based (W/Os) and Hoso based (W/Oh) emulsion samples, as kept at 5 °C, were 
heated to 15, 25 and 35 °C. Diffusion data were recorded at each holding temperature, to which a 
non-exchange model (Eq. 2.2) and exchange model (Eq. 2.4) were fitted. This is shown in Fig. 
7.5 for the W/Os emulsion, for which the associated R2adj and RMSE amounted to at least 0.993 
and at most 0.033, respectively. 
Using Eq. 2.2, the fitted radius results of the W/O (Fig. 7.6) increased with increasing 
measurement temperature, which became more obvious as the ∆-value was increased. This effect 
can be attributed to temperature induced physico-chemical changes of the system. Hilder (1968) 
and Hilder and van den Tempel (1971) postulated an increase of the water saturation solubility 
and an increase of the water diffusion coefficient in vegetable oil by a factor 1.8 and 2.4 when 
heating the oil from 5 to 35 °C. 
As the droplet size of the cooled emulsions measured after previous measurements at higher 
temperatures was comparable to the original non-heated sample, it follows that the observed 
increase was due to water exchange rather than a real increase in droplet size. Hereby, the sample 
averaged droplet size with standard deviation (using Eq. 2.2) of the cooled (to 5 °C) W/Os and 
W/Oh emulsion amounted to 1.19 ± 0.12 µm and 1.22 ± 0.02 µm, respectively.  
A less pronounced temperature-dependence was noticed for the best fitted radius of the W/O 
emulsion results using Eq. 2.4. However, the more complicated Pfeuffer model, which is meant 
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to take exchange into consideration, could only partially compensate for the effect of exchange 
on the droplet size (Fig. 7.6). Table 7.1 indicates that the estimated residence times of water in 
the W/O emulsions decreased with increasing temperature. At the lower sample temperatures the 
water residence times are much larger than the diffusion delay time, albeit associated with a large 
estimation error, indicating that the effect of water exchange on the droplet size is minimal. 
 
 
 
 
 
 
 
 
a  
 
 
 
 
 
 
 
b  
Fig. 7.5: Echo intensity of water in the W/Os emulsion as measured at 5 °C (a) and 35 °C (b). 
Full lines represent the fitting of Eq. 2.2, whereas the dashed-dotted lines refer to the fitting using 
Eq. 2.4 to the experimentally obtained diffusion data at a diffusion delay ∆ of 60 ms, 80 ms, 100 
ms, 140 ms and 220 ms. 
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a  
 
 
 
 
 
 
 
 
b  
Fig. 7.6: Effect of measurement temperature and diffusion delay ∆ on the estimated R43-value 
upon fit of Eq. 2.2 and Eq. 2.4 to the water diffusion data of the W/Os emulsion (a) and the W/Oh 
emulsion (b) using LR-NMR. Results from the fit of Einstein’s diffusion law Eq. 7.1 to the fitted 
results from Eq. 2.2 are also included. Dotted lines represent a guide to the eye. 
 
Bearing on the best fitted values of the arithmetic standard deviation σ of the volume-weighted 
lognormal droplet size distribution of the W/O emulsion, there was no clear trend as a function of 
∆. From 5, 15, 25 to 35 °C, an increase in σ for the W/Oh emulsion was observed (i.e. 0.1 ± 0.1 
µm, 0.1 ± 0.1 µm, 0.2 ± 0.2 µm to 0.3 ± 0.2 µm, resp.), whereas a decrease in σ for the W/Os 
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emulsion was noted (i.e. 0.8 ± 0.2 µm, 0.8 ± 0.1 µm, 0.6 ± 0.1 µm to 0.4 ± 0.3 µm, resp.). 
Smaller values were estimated using the exchange model. For the W/Os emulsion it amounted to 
less than 1.0 µm (Eq. 2.2) and less than 0.3 µm (Eq. 2.4), whereas for the W/Oh emulsion it 
amounted to less than 0.5 µm and 0.2 µm, respectively.  
 
In order to disentangle the estimated radius from the effect of exchange, a data splicing procedure 
was applied, in which the diffusion data at different temperatures were analyzed constraining that 
they originate from the same droplet size distribution. Using the exchange model, all diffusion 
data sets as measured at different values of temperature and ∆ were jointly fitted to Eq. 2.4 in 
order to result in a collective volume-weighted average droplet radius of 1.16 µm and 1.26 µm 
for the W/Os and W/Oh emulsion, respectively. Hence, splicing of the data is a good procedure to 
correct for the effect of exchange on the droplet size. However, it has got the disadvantages to be 
complex, time-consuming and to hardly attach value to the data measured at higher temperature. 
 
Table 7.1: Best fitted τ1 for the W/O emulsion as a function of measurement temperature using 
Eq. 2.4.  
 
   τ1 (s) 
T (°C)  W/Os W/Oh 
5  1.69 ± 0.22 1.28 ± 0.83 
15  0.60 ± 0.06 1.27 ± 0.91 
25  0.10 ± 0.01 0.09 ± 0.03 
35  0.07 ± 0.01 0.04 ± 0.01 
 
 
Assuming that the apparent increase in droplet size is due to water diffusion through the oil phase, 
the former should correspond to the distance travelled by diffusion as expressed by Einstein’s law: 
R43 (T, ∆) - R43,0 (T, ∆=0 ms ) = √D(T) ∙  ∆  (7.1) 
Hereby, the R43,0-value is the extrapolated R43-value at ∆=0 ms, which should correspond to the 
real droplet size. Fig. 7.7 shows a least-squares fit of this simple diffusion model (Eq. 7.1) to the 
R43-values (as obtained from Eq. 2.2) using the Solver add in (Microsoft Excel). The extrapolated 
intercept, which should reflect the real droplet size, is indeed independent from the measurement 
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temperature. The resulting best fitting R43,0 values are represented by the crosses in Fig. 7.6, and 
are also summarized, together with the D-values, as a function of temperature in Table 7.2.  
At 5 °C, the R43,0 of the W/Os emulsion was about 0.3 µm smaller than the R43 obtained from Eq. 
2.2 at ∆ of 60 to 100 ms. As such, the use of Eq. 2.2 and subsequently Eq. 7.1, shows to be a 
more simple method to retrieve the real droplet size than using the much more complicated 
Pfeuffer model (Eq. 2.4). Regarding the W/Oh emulsion, the correction was less than 0.1 µm.  
 
 
Fig. 7.7: Fit of Einstein’s diffusion law using Eq. 7.1 (lines) to the apparent water droplet radius 
R43 of the W/Os emulsion as obtained from Eq. 2.2 (markers). 
 
 
Table 7.2: Output of Einstein’s diffusion law fit Eq. 7.1 to the R43-values of the W/O emulsion as 
obtained from Eq. 2.2.   
 
 R43,0 (µm)  D (·1011 m2/s) 
T (°C) W/Os W/Oh  W/Os W/Oh 
5 1.01 ± 0.03 1.13 ± 0.04  0.07 ± 0.01 0.00 ± 0.01 
15 1.10 ± 0.03 1.46 ± 0.03  0.19 ± 0.02 0.03 ± 0.01 
25 1.05 ± 0.02 1.25 ± 0.04  0.68 ± 0.03 0.55 ± 0.05 
35 1.11 ± 0.03 1.33 ± 0.05  1.88 ± 0.07 1.11 ± 0.09 
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The best fitting D-value clearly increased with increasing temperature (Table 7.2), of which the 
relationship could be described by the Arrhenius equation. The resulting activation energy Ea 
(with 95% confidence) amounted to 79 ± 15 kJ/mol for the W/Os emulsion (R2=0.997) and 121 ± 
88 kJ/mol for the W/Oh emulsion (R2=0.947). Hilder and van den Tempel (1971) reported on the 
temperature dependent water diffusion through groundnut oil, for which an Ea-value of 26 ± 2 
kJ/mol was found.  
The question arises whether this D-value might describe the slow water diffusion through a thin 
oil film separating the droplets, until a neighboring water droplet is entered at which the water 
diffusion occurs faster. In that case, the D-value should depend on the interdroplet distance, 
provided that the oil phase is water-unsaturated. On the other hand, the extradroplet water 
diffusion in a water-saturated oil phase is expected to be ruled by the (temperature dependent) 
water solubility in the oil phase and hence, D should be independent of the interdroplet distance 
at constant temperature. To investigate the water saturation of the oil phase, the original 50:50 
W/Oh emulsion was diluted with the continuous phase resulting in W/Oh emulsions with 40%, 
30%, 20% and 10% water fraction, for which the droplet size is assumed to remain identical. 
Hereby, the radius normalized average interparticle distance between non-interacting droplets can 
be approximated by 0.48√6∙𝜑𝜑𝑝𝑝𝜋𝜋3  with particle volume fraction 𝜑𝜑𝑝𝑝 (Van der Meeren et al., 2012). The 
emulsions with different water fractions were measured at 35 °C in order to have pronounced 
water diffusion through oil. Fig. 7.8 shows that the R43,0 and D-values for the emulsions with 
different water fractions were similar, indicating that the oil phase of the emulsion was water-
saturated and that the diffusion of water in oil is less obstructed in the very diluted 10:90 W/O 
emulsion, albeit not significantly. 
 
7.4.3 Extradroplet water diffusion versus droplet diffusion by thermal agitation 
Two types of diffusion exist that can result in an apparent increase in droplet size, i.e. 
extradroplet water diffusion (either molecular transport or surfactant facilitated diffusion) and the 
diffusion of the droplets themselves by thermal agitation (Voda and van Duynhoven, 2009). 
Hereby, the Stokes Einstein equation (𝐷𝐷 = 𝑘𝑘∙𝑇𝑇6∙𝜋𝜋∙𝜂𝜂∙𝑟𝑟 with the diffusion coefficient D of the sphere 
with effective hydrodynamic radius r, the dynamic viscosity of the surrounding fluid η and 
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Boltzmann’s constant kB) can be used to further elucidate the dominating type of diffusion related 
to the apparent increase in droplet size. 
Using D=0.55·10-11 m2/s and 0.68·10-11 m2/s (Table 7.2 for W/Oh and W/Os, resp.), ηsunflower oil 
(298 K)=0.05 Pa·s (Diamante and Lan, 2014), ηpalm olein (298 K)=0.08 Pa·s (Siddique et al., 2010), 
the hydrodynamic radius r amounts to 8 Å (W/Oh) and 4 Å (W/Os).  
In case the diffusion coefficient describes the droplet movement by thermal agitation, the 
hydrodynamic radius is expected to be at least 0.25 µm (=2500 Å) (i.e. smaller droplets in the 
distribution); based on this size, the droplet diffusion coefficient in oil of 0.05 Pa.s at 298 K is 
1.75·10-14 m2/s (and even smaller when considering the mean droplet size of the distribution). On 
the other hand, the estimated values of the diffusion coefficient are much larger, and hence too 
large to describe the diffusion of water droplets of a fraction of a µm in oil.  
Regarding molecular water transport, the diameter of a water molecule is typically in the order of 
a few Å. In case of surfactant facilitated diffusion of water (i.e. water transport by hydrated 
PGPR molecules or PGPR micelles), the estimated radius strongly depends on the degree of 
polymerization of the considered PGPR. Using a hydrodynamic radius of a few nanometers for 
PGPR-facilitated water transport, the diffusion coefficient is in the order of 10-11 to 10-13 m2/s. 
Hence, the hydrodynamic radii as estimated for extradroplet water diffusion (i.e. molecular water 
transport or PGPR-facilitated water diffusion) indicate that the obtained diffusion coefficients 
from Eq. 7.1 must describe the diffusion of water through the oil layer.  
In addition, the W/Os emulsion at the lowest temperatures (5 and 15 °C) is characterized by a 
very large viscosity due to the fat crystal network (SFC of soft PMF containing PGPR at 5 and 
15 °C amounts to 65% and 56%, resp.). Based on the study of Kiokias et al. (2004), diffusion of 
oil molecules in an oil phase with a SFC larger than 50 % is restricted due to the fat network 
microstructure. Upon extrapolation towards W/O emulsions, it can be assumed that water 
droplets (much larger in size than oil molecules) in W/O emulsions with a SFC > 50 % will also 
be largely restricted in their diffusion, if not completely immobilized in the solid fat matrix. As 
such, the apparent droplet size increase of the W/Os emulsion at low temperatures can be 
ascribed to extradroplet water diffusion. 
A third indication for an increased extradroplet water diffusion with increasing temperature can 
be found in Fig. 7.4. It is expected that droplet movement by thermal agitation would influence 
both sets of radii as obtained from the water and TMACl diffusion data. As only the water 
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diffusion data are influenced by an increase in temperature in Fig. 7.4, it rather indicates that the 
mechanism responsible for the observed apparent size increase is related to an increase in 
solubility and diffusivity of water in the oil phase with increasing temperature. 
 
 
 
7.5 Conclusions 
Previous studies investigated the diffusion behavior of water and tetramethylammonium chloride 
enclosed in W/O emulsion droplets at a fixed temperature (Lasič et al., 2009; Yadav and Price, 
2009; Malmborg et al., 2003). In this work, a simultaneous multi-measurement temperature 
diffusion analysis of water and of a dissolved marker enclosed in W/O emulsion droplets as 
measured at different diffusion delay values ∆ using both low-resolution and high-resolution 
pulsed field gradient NMR was performed. This study was conducted with a goal of evaluating 
the accuracy of particle size determination of W/O emulsions based on water diffusion NMR. 
When using the water diffusion data, the water droplet size increased more noticeably with 
increasing diffusion delay and measurement temperature, whereas a rather constant particle size 
distribution was estimated using the data of the ionic marker tetramethylammonium chloride.  
 
Fig. 7.8: Results from the fit of Einstein’s diffusion law (D: diamonds and R43,0: crosses) using 
Eq. 7.1 to the best fitted R43 as obtained from Eq. 2.2 of the oil-diluted 50:50 W/Oh emulsions 
resulting in 40%, 30%, 20% and 10% water fraction (i.e. 0.49, 0.53, 0.58, 0.66 and 0.83 
normalized interparticle distance, respectively) as measured at 35 °C. 
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The difference in behavior suggests that the exchange through the oil layer was more pronounced 
for water than for the marker during the time frame of the analysis. A low permeability of ionic 
compounds, such as tetramethylammonium cations, through the oil phase has been noted (Lasič 
et al., 2009; Yadav and Price, 2009; Malmborg et al., 2003). As a further result, the diffusion 
behavior of such compounds is thought to result in the real droplet size distribution. Artefacts 
resulting from extradroplet water diffusion can be minimized by measuring at low ∆ and 
temperature (Murday and Cotts, 1968; Balinov et al., 1996; Fourel et al., 1994; Van den Enden et 
al., 1990; Wolf et al., 2009). However, the results show for the first time that these precautions 
could not completely rule out the effect of water exchange on the estimated particle size. An 
unavoidable overestimation of the water droplet size was observed, in comparison to the results 
obtained from the marker diffusion data. 
An additional goal was to evaluate whether the effect of extradroplet diffusion can be 
compensated by adequate data analysis. A model described by Pfeuffer et al. (1998), which was 
originally developed to accommodate the diffusion behavior of intracellular and extracellular 
water in glial cells, was applied to the investigated W/O emulsions. The model could only partly 
compensate for the effect of water exchange on the estimated radius. A more time consuming 
data splicing procedure was presented, in which an exchange model was applied on combined 
data measured at a series of temperatures. Its application resulted in a droplet size minimally 
affected by water exchange. An alternative method based on Einstein’s diffusion law was 
presented, which enabled to retrieve a diffusion delay independent droplet size from droplet data 
obtained using a non-exchange model. This simple diffusion model offers possibilities for 
performing a proper droplet size analysis using water diffusion data, even when there is 
considerable water exchange. Moreover, it may help to evaluate the water saturation and water 
permeability of different oil types, which is an important characteristic in the field of industrial 
oils, as well as for modified release drug and food products. 
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Abstract 
 
In this work, extradroplet diffusion of water in W/O/W emulsions was evidenced by diffusion 
NMR. The water diffusion signal was compared to the one of tetramethylammonium chloride, a 
water soluble marker, which has a much lower permeability through the oil phase than water 
molecules. Therefore, the marker diffusion signal is expected to approximate the real droplet size. 
The resulting droplet size was limitedly affected by measurement temperature and diffusion delay 
∆. Low and high-resolution NMR showed that water exchange effects became more pronounced 
with increasing temperature and ∆, which resulted in a heavily overestimated inner water droplet 
size. Measuring at a low temperature and low ∆ could not eliminate exchange artefacts. In order 
to enable proper droplet size analysis using the water signal, different data analysis procedures 
were applied. As was shown previously for W/O emulsions, a promising procedure for W/O/W 
emulsions consisted of the application of Einstein’s diffusion law to the experimentally 
determined diffusion data. 
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8.1 Introduction 
Water-in-oil-in-water (W/O/W) emulsions have the potential to create light foods as part of the 
oily dispersed phase is replaced by water (Dickinson, 2011). In order to optimize the double 
emulsion formulation and to control its stability and functionality, the inner water droplet size 
distribution and internal water fraction are important characteristics. A wide range of emulsions 
in food process control and development have been characterized by low-resolution benchtop 
NMR (van Duynhoven, 2002). The droplet size distribution can be determined using 1H pulsed 
field gradient (pfg) NMR. In addition, low-resolution NMR has also been applied for the 
determination of the inner water fraction of W/O/W emulsions (Hindmarsh, 2005; Wolf et al., 
2009; Chapter 3).  
In Chapter 7, we have shown that molecular transport of water molecules through the oil layer of 
water-in-oil (W/O) emulsions occurs. This type of extradroplet water diffusion was shown to 
become more important when raising the measurement temperature and NMR diffusion delay 
time ∆. Extradroplet water diffusion brought about an apparent increase in particle size of W/O 
emulsions using diffusion NMR, even when using more complicated data analysis procedures 
that take exchange into account such as the Pfeuffer model.  
In this work, the effect of molecular transport of water on particle size analysis of W/O/W 
emulsions using low-resolution and high-resolution NMR diffusion was evaluated. The former 
provides a more practical approach for measuring water diffusion, whereas the latter enables 
water soluble compounds of much lower permeability to be used (So and Lodge, 2014; Lasič et 
al., 2009). The occurrence of molecular exchange can be verified upon synchronous analysis of 
the spectrally-resolved diffusion signal of aqueous dissolved molecular species and water 
molecules in the water phases of the W/O/W emulsion. The water soluble tetramethylammonium 
chloride was selected, on account of an intense signal in a specific NMR region without overlap 
with water or oil, in addition to its low permeability through the oil phase due to its ionic nature 
(Lasič et al., 2009; Yadav and Price, 2009; Malmborg et al., 2003).  
This is the first study, to our knowledge, of the simultaneous multi-measurement temperature 
diffusion analysis of water and a dissolved marker enclosed in W/O/W emulsion droplets as 
measured at different diffusion delay values ∆ using low-resolution and high-resolution pfg-
NMR.  
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8.2 Materials and methods 
8.2.1 Materials 
All applied materials for W/O emulsion preparation are given in section 7.2.1. For subsequent 
W/O/W preparation, the hydrophilic emulsifier Polysorbate 80 (Tween 80, Sigma-Aldrich, 
Steinheim, Germany) and food grade xanthan gum (FF, generous gift sample from Jungbunzlauer, 
Vienna, Austria) were used.  
 
8.2.2 Emulsion preparation 
The inner (W1) and outer (W2) water phase of the W1/O/W2 emulsions that were investigated by 
both high and low resolution NMR contained 800 mM TMACl in a mixture of D2O/H2O (50:50, 
wt%). In addition, the W2-phase contained 0.2 wt% xanthan gum and 1.39 wt% Tween 80. The 
oil phase consisted of 2.5 wt% PGPR in Hoso. The W1/O emulsions were made as described in 
7.2.2. The W1/O/W2 (30 g of 20:20:60, w/w) was prepared at room temperature upon mixing the 
W1/O emulsion with W2-phase with an Ultra-Turrax (type S25-10G, IKA®-Werke, Germany) at 
9500 rpm for 1 min.  
Regarding the emulsions investigated only by low-resolution NMR, the primary water phase (W1) 
contained 1.25% (w/v) sodium caseinate and 0.1 M phosphate buffer solution (pH 6.7). The latter 
contained 0.02% (w/v) of the anti-microbial agent NaN3, KH2PO4 and K2HPO4. The fat phase 
consisted of 2.5% (w/v) PGPR in soft PMF or Hoso. The W2-phase only differs from the W1-
phase in the concentration of sodium caseinate (1%, w/v). The W1/O emulsions were made as 
described in 7.2.2. 
The W1/O/W2 (100 g) emulsion was prepared at room temperature upon mixing the external 
water phase (W2) with freshly prepared W1/O-emulsion in a 60:40 (w/w) ratio with an Ultra-
Turrax S25-10G (IKA®-Werke, Germany) at 13500 rpm for 1 minute. Afterwards, all double 
emulsions were further mixed with a continuous Ultra-Turrax DK25 (IKA®-Werke, Germany) at 
13500 rpm for 1 minute.  
All samples were cooled in an ice/water bath for 40 minutes and subsequently stored in the 
refrigerator.  
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8.2.3 High-resolution pfg-NMR diffusometry  
High-resolution (HR) pulsed field gradient (pfg) NMR diffusion analysis was performed with a 
Bruker Avance III spectrometer operating at a 1H frequency of 500.13 MHz and equipped with a 
5 mm DIFF30 gradient probe with a maximum gradient strength of 18 T/m. Measurements were 
performed at 5, 15 or 25 °C and the temperature was controlled to within ± 0.01 °C with a 
Eurotherm 3000 VT digital controller. The samples (560 to 650 µL) were filled in 5 mm diameter 
glass NMR-tubes (Armar Chemicals, Switzerland). Pfg-NMR experiments were performed using 
a monopolar (single) stimulated echo pulse sequence. The applied δ and Δ for the W/O/W 
emulsion was 4.5 ms and 250-450-600 ms, respectively. Regarding the measurement of the free 
self-diffusion coefficient of water and TMACl in the W1-phase, reference is made to section 7.2.3. 
 
8.2.4 Low-resolution pfg-NMR diffusometry 
Low-resolution (LR) pfg-NMR measurements were performed on a benchtop Maran Ultra 
spectrometer (Oxford Instruments, UK) operating at a frequency of 23.4 MHz. Samples were 
adequately filled as described in section 3.3.1. 
Pfg-NMR experiments were performed as explained in section 2.2.2, whereby the applied δ and 
Δ for the experiment on sodium caseinate stabilized W/O/W emulsions was 2.5 ms and 60-80-
100-140-220 ms, respectively. In order to enable comparison with the high-resolution NMR 
experiment, higher values of δ and Δ were applied for the measurement of the Tween 80 
stabilized W/O/W emulsions, i.e. 4.5 ms and 240-440-600 ms, respectively. This study conducted 
pfg-NMR measurements at 5, 15, 25 and 35 °C, for which the applied NMR parameters are given 
in Table 3.1 in section 3.2.2. 
Regarding the measurement of the free self-diffusion coefficient of water and TMACl in the W1-
phase, reference is made to section 7.2.4. 
 
8.2.5 Statistical section 
Unless stated differently, the uncertainty of the estimated values and error bars in the graphs 
represent the standard error of the estimates. The latter values were obtained directly from the 
Matlab fitting procedure, by the Monte Carlo method (Motulsky and Ransnas, 1987) or by linear 
regression in Excel (Microsoft Office 2010), from which a 95% confidence interval could be 
constructed. Regarding the comparison of model fitting with a different number of parameters of 
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the diffusion data, the applied measure of goodness-of-fit was the root mean squared error 
(RMSE), whereas the fit to relative trend was measured by the adjusted R2-value.  
 
 
8.3 Water diffusion model selection  
Two models were applied to accommodate the diffusion behavior of water in droplets surrounded 
by a continuous aqueous phase. 
Assuming that the diffusion of the inner water droplets, as well as the water exchange through the 
oil or fat phase is negligible during the analysis, the water signal should give rise to a quasi bi-
exponential decay EMCFW (Eq. 2.3) as a function of q2 and diffusion delay ∆ (see section 2.2.3). 
The amplitudes of the echo decay yield the enclosed water volume fraction (EV), which is 
defined as the fraction of the total water that is present as internal water droplets. The values for 
the echo intensity in the absence of a magnetic field gradient (I0), the effective diffusion 
coefficient in the outer aqueous phase (De), the arithmetic mean radius of the lognormal volume-
weighted inner water droplet size distribution (R43) and EV were determined upon performing a 
least-squares fit of Eq. 2.3 to the echo intensity data as measured for a certain ∆ using Matlab 
7.5.0.342 (R2007b) software (The MathWorks). For reasons of unreliable estimations, the 
arithmetic standard deviation σ was estimated upon fitting EeMC (Eq. 2.2) to the echo decay of the 
primary W/O emulsion.  
An exchange model has been described by Pfeuffer et al. (1998) to accommodate the diffusion 
behavior of intracellular water in glial cells, with finite membrane water permeability, surrounded 
by extracellular water (Fig. 8.1a), as described in more detail in section 2.2.4. As the Pfeuffer 
model describes the exchange between two compartments, whereas a W/O/W emulsion contains 
three compartments, the interpretation of Eq. 2.4 (EPf) can be modified in order to apply the 
Pfeuffer model to describe the exchange of water in a W/O/W emulsion. Hereby, the selection of 
the exchange model depends on the change of the diffusion echo signal decay of water in the 
W/O/W emulsion as a function of diffusion delay ∆.  
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a b 
Fig. 8.1: Application of the Pfeuffer model for schematically drawn systems. (a) Glial cells in an 
extracellular aqueous medium with mean residence time τ1 and τ2 in p1 (cell) and p2 (medium), 
respectively. (b) W/O/W emulsion with negligible exchange between the inner (p1) and outer 
water phase (p3) and mean residence time τ1 and τ2 in p1 (W1) and p2 (oil), respectively. 
 
The NMR echo decay of the sodium caseinate stabilized double emulsion (without xanthan in W2) 
as a function of ∆ and as measured at 35 °C is shown in Fig. 8.2. The slope of the slow 
attenuation part of the echo decay increased with increasing diffusion delay and showed a 
common intercept. Hereby, the slope (and 95% confidence interval) of the slow attenuation part 
amounted to -0.8 ± 0.1, -1.3 ± 0.1 to -1.8 ± 0.1 µm2 at ∆ of 60, 140 and 220 ms, whereas the slope 
of the fast attenuation part amounted to -83 ± 13, -93 ± 48 and -93 ± 69 µm2, respectively. The 
common intercept of the slow attenuation part, irrespective of the diffusion delay, indicates that 
the exchange between the inner and outer water compartment was negligible within the time 
frame considered, whereas the steadily increasing slope points to considerable extradroplet 
exchange inside the multiple droplets (Fig. 8.1b). Moreover, it suggests that the amplitudes of the 
echo decay are related to the real internal water volume fraction. 
An extension of the Pfeuffer model with a free water diffusion term (EPfFW, Eq. 2.9) was able to 
fit the obtained echo decays (Fig. 8.2). Hereby, Eq. 2.9 describes the exchange between water 
droplets (1st pool) through the oil layer (2nd pool) inside the oil droplets of the W/O/W emulsion, 
whereby it is assumed that the residence time of water in the external water phase (3rd pool) is 
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infinitely long. The values of R43, σ, τ1, p2, I0, D2, EV and D3 were determined upon performing a 
least-squares fit of Eq. 2.9 to the echo intensity data as measured for a series of ∆ using Matlab 
7.5.0.342 (R2007b) software (The MathWorks). The water volume fraction in the inner water 
phase (p1) and the mean residence time in the oil layer (τ2) followed from 𝑝𝑝1 = 1 − 𝑝𝑝2  and 𝜏𝜏2 = 𝜏𝜏1 ∙ 1−𝑝𝑝1𝑝𝑝1 , respectively. The diffusion coefficient in the inner water phase (D1) as a function 
of q2 resulted from taking the partial derivative of the fitted magnetization attenuation with 
respect to q2 (Eq. 2.7 in section 2.2.4) using the estimated R43 and σ.  
 
 
Fig. 8.2: Normalized echo decay of the sodium caseinate stabilized W/Os/W emulsion as 
measured at 35 °C using low-resolution NMR. Full lines represent the fitting of Eq. 2.9 to the 
experimentally obtained diffusion data at a diffusion delay ∆ of 60 ms (diamonds), 140 ms 
(circles) and 220 ms (squares). 
 
In literature, Eq. 2.4 was able to fit the diffusion data of 4:16:80 W/O/W emulsions (without 
xanthan) (Hindmarsh et al., 2005), whereby a relatively small gradient was applied (Gmax=0.5 
T/m and δ=5 ms). Wolf et al. (2009) applied a much stronger gradient (Gmax=5.99 T/m and δ=4 
ms) to fit the data of a 6:54:40 W/O/W emulsion (without xanthan) using Eq. 2.4, whereby the 
authors replaced D2′  by an effective diffusion coefficient. Upon addition of xanthan to the 
external water phase, Guan et al. (2010) observed a negligible exchange rate between the water 
phases with equal osmotic pressures. In our case, the 20:20:60 W/O/W emulsions either 
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containing sodium caseinate (without xanthan and recorded with Gmax=3.17 T/m and δ=2.5 ms) 
or containing Tween 80 (with xanthan and recorded with Gmax=3.17 T/m and δ=4.5 ms) showed 
the features as shown in Fig. 8.2. It is worth mentioning that the same features were also 
observed for the sodium caseinate stabilized emulsions upon addition of 0.2% xanthan to the W2-
phase (data not shown). The application of a model extension in our work might be explained by 
a different interpretation of the diffusion data, as well as by a different emulsion composition and 
preparation in comparison to other studies. 
 
 
8.4 Results and discussion 
8.4.1 Water versus tetramethylammonium chloride diffusion 
To study the water and marker compound diffusion in W/O/W emulsions, low and high-
resolution pfg-NMR diffusometry were applied. Low-resolution NMR predominantly measures 
the diffusion of water molecules, whereas high-resolution NMR enables separate diffusion 
analysis of water and water soluble compounds. This opens interesting perspectives since water 
soluble ionic marker molecules have a reduced permeability in hydrophobic media in comparison 
to water molecules (So and Lodge, 2014; Malmborg et al., 2003). Upon addition of 
tetramethylammonium chloride to the inner and outer water phase of the W/O/W emulsion, the 
resulting marker diffusion signal associated with the inner water compartment is expected to 
reflect the maximum travelled distance that is ∆-independent and only affected by the droplet size, 
shape and compartmental water fractions, provided that the diffusion delay value is sufficiently 
long (Malmborg et al., 2003; Yadav and Price, 2009).  
 
8.4.1.1 High-resolution NMR of Tween 80-stabilized W/O/W emulsions 
The measured NMR echo decays of water and TMACl of the W/O/W emulsion at 5 °C are 
shown in Fig. 8.3. Upon fitting of Eq. 2.3 to the water and marker diffusion signal, markedly 
different estimated water droplet size values are obtained. The best fitted R43-value (with 95% 
confidence) amounted to 2.03 ± 0.04 µm and 1.27 ± 0.08 µm, respectively. The estimated 
enclosed water volume fraction amounted to 32 ± 1% and 29 ± 4%, respectively.  
The effect of diffusion delay (250-450-600 ms) on the NMR echo decay of the W/O/W emulsion 
was evaluated at 25 °C (Fig. 8.4). Hereby, the slope of the slow attenuation part of the water echo 
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decay increased with increasing ∆ value, whereas the intercept was not affected (Fig. 8.4a). 
Considering a q2 range of up to 20E12 m-2, the diffusion data of the marker in Fig. 8.4b was less 
affected by ∆.  
 
 
 
Fig. 8.3: Normalized echo intensity of water (triangles) and TMACl (squares) in the W/O/W 
emulsion as measured at 5 °C using ∆=600 ms and high-resolution NMR. The lines represent the 
fitting of Eq. 2.3 to the diffusion data. 
 
Fig. 8.4 shows similar features as in Fig. 8.2, which indicates that the inner and outer 
compartment of this double emulsion can be regarded as independent. Consequently, Eq. 2.3 was 
applied to obtain information about the inner water droplet size, which could fit the HR-data 
relatively well (Fig. 8.4).  
A much larger apparent increase in R43-value with increasing temperature and/or ∆ was observed 
for water than for the marker (Fig. 8.5a). When diffusion of a species is not restricted by the inner 
water droplet boundary due to a finite permeability of the species through oil during time ∆, an 
apparent increase in droplet size is obtained. This originates from a more Gaussian diffusing 
signal. Hilder (1968) and Hilder and van den Tempel (1971) reported on the increase in solubility 
and diffusivity of water through oil with measurement temperature. In contrast, the permeability 
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of ionic marker molecules is significantly lower as attributed to a reduced solubility in 
hydrophobic media (So and Lodge, 2014, Malmborg et al., 2003). In addition, when molecular 
exchange occurs, the diffusion signal will be affected by the diffusion delay ∆ (Johns and 
Hollingsworth, 2007; Yadav and Price, 2009; Malmborg et al., 2003). 
 
 
 
 
 
 
 
 
 
a  
 
 
 
 
 
 
 
 
b  
Fig. 8.4: Effect of diffusion delay value ∆ (250-450-600 ms) on the normalized echo intensity of 
(a) water and (b) TMACl in the W/O/W emulsion as measured at 25 °C with high-resolution 
NMR. The lines represent the fitting of Eq. 2.3 to the diffusion data. 
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As the marker signal resulted in a much lower R43-dependency of temperature and ∆, it is thought 
to approximate the real water droplet radius. At 25 °C, the overestimation of the water droplet 
size based on the water signal was less pronounced when using lower ∆ values. In comparison to 
25 °C and 15 °C, the overestimation of the droplet size using the water signal was decreased at 
5 °C. The remaining difference of the radius based on the water and marker signal at 5 °C 
designates that the use of a low temperature cannot avoid the effects of extradroplet water 
diffusion on the estimated droplet size using the water signal.  
 
8.4.1.2 Low-resolution NMR of Tween 80-stabilized W/O/W emulsions 
Low-resolution NMR was applied on the W/O/W emulsion as a function of temperature at ∆=600 
ms (Fig. 8.5a). The water signal resulted in the same trend of the estimated R43-value as a 
function of temperature as in the HR-NMR experiment. It is worth mentioning that the complete 
sample volume was detected using low-resolution NMR. Therefore, the amplitudes of the fitting 
of Eq. 2.3 to the LR-NMR echo decay were used to estimate the enclosed water volume fraction 
(EV). The EV was hardly affected by the measurement temperature (5-15-25 °C) using a 
diffusion delay ∆ of 600 ms, nor by the diffusion delay ∆ (240-440-600 ms) at a temperature of 
25 °C; all EV-values were in the range from 26.6 to 28.5%, with no significant effect of ∆ and 
temperature. 
When using the arithmetic standard deviation σ of the volume-weighted lognormal distribution of 
the primary W/O emulsions for particle size analysis of the double emulsion, the resulting 
geometric standard deviation σg for the W/O/W emulsions was nearly temperature and ∆ 
independent, except for the marker (Fig. 8.5b). Upon increasing the temperature from 5 over 15 
to 25 °C, the marker’s σg decreased from 1.79 over 1.66 to 1.62 using ∆=600 ms and increased at 
25 °C using 450 ms (σg=1.75) and 250 ms (σg= 1.87). The σg value consolidates the arithmetic 
standard deviation σ, as normalized by the arithmetic mean radius R43. Therefore, the relatively 
constant σg for water comes from the analogous increase of R43 and σ. The decrease in σg for 
TMACl arises from a small increase in R43, whereas σ was approximately constant with 
temperature. 
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a  
 
 
 
 
 
 
 
 
 
b  
Fig. 8.5: Effect of measurement temperature and diffusion delay value on (a) the estimated R43-
value and on (b) the geometric standard deviation σg of the W/O/W emulsion as based on water 
(circles) and TMACl (diamonds) diffusion data using HR-NMR and ∆=600 ms (black filled 
markers), ∆=450 ms (grey filled markers) and ∆=250 ms (empty markers). Also the results 
obtained from the LR-diffusion data at 600 ms () is included. Lines represent a guide to the 
eye.   
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8.4.2 Water exchange modeling 
To evaluate water exchange in W/O/W emulsions, different models were applied to fit the low-
resolution NMR water diffusion data as measured at different diffusion delay values and 
measurement temperatures.  
The soft PMF based (W/Os/W) and the Hoso-based (W/Oh/W) samples, of which the outer 
interface was stabilized by sodium caseinate, as kept at 5 °C, were heated to 15, 25 and 35 °C. At 
each holding temperature, the diffusion data were recorded for ∆ values between 60 and 220 ms. 
A non-exchange model (Eq. 2.3) and exchange model (Eq. 2.9) were fitted. This is shown for the 
W/Os/W emulsion in Fig. 8.6, for which the R2adj and RMSE amounted to at least 0.991 and at 
most 0.104 at 5, 15 and 35 °C, except for the W/Os/W emulsion at 25 °C using Eq. 2.3, for which 
it amounted to 0.910 and 0.339.  
Pertaining to the use of Eq. 2.3, the best fitted arithmetic standard deviation σ of the primary 
W/O emulsions was used, which was approximately ∆ independent. With increasing temperature, 
the σ of the W/Oh emulsion increased, whereas it decreased for the W/Os emulsion. The fitted 
radius R43 of the inner droplet of the W/O/W emulsions clearly increased with increasing 
measurement temperature, which became more obvious as the ∆-value was increased (Fig. 8.7). 
This effect might proceed from an increased water permeability through oil, connected with an 
increased water saturation solubility and water diffusion coefficient in vegetable oil with 
increasing temperatures (Hilder, 1968; Hilder and van den Tempel, 1971). This was further 
evidenced by measurement of the emulsions upon cooling to 5 °C after previous measurements at 
higher temperatures. The droplet size of the cooled emulsions was comparable to the original 
non-heated sample; the sample averaged droplet size of the cooled W/Os/W and W/Oh/W 
emulsion amounted to 1.11 ± 0.08 µm and 1.93 ± 0.05 µm, respectively. Therefore, the observed 
increase must originate from water exchange rather than a real increase in droplet size. The 
resulting geometric standard deviation σg for the W/O/W emulsions was relatively ∆ independent. 
The σg of the W/Oh/W emulsions was not influenced by temperature, it amounted on average to 
1.08 ± 0.08. This is explained by a similar temperature effect on R43 and σ for the W/Oh/W 
emulsion. The σg of the W/Os/W emulsions decreased from 1.74 ± 0.14, 1.64 ± 0.07, 1.26 ± 0.04 
to 1.16 ± 0.11 when increasing the temperature from 5, 15, 25 to 35 °C, due to the opposite action 
of temperature on R43 and σ. 
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a  
 
 
 
 
 
 
 
 
b  
Fig. 8.6: Echo intensity of water in the W/Os/W emulsion as measured at 5 °C (a) and 35 °C (b). 
Full lines represent the fitting of Eq. 2.3, whereas the dashed-dotted lines refer to the fitting using 
Eq. 2.9 to the experimentally obtained diffusion data (markers) at a diffusion delay ∆ of 60 ms 
(diamonds), 140 ms (circles) and 220 ms (squares). 
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a  
 
 
 
 
 
 
 
 
b  
Fig. 8.7: Effect of measurement temperature and diffusion delay ∆ on the estimated R43-value 
upon fit of Eq. 2.3 (solid markers) or Eq. 2.9 (empty circles) to the water diffusion data of the (a) 
W/Os/W emulsion and (b) W/Oh/W emulsion using LR-NMR. Einstein’s diffusion law fit of Eq. 
7.1 (crosses) to the fitted results from Eq. 2.3 are also included. Dotted lines represent a guide to 
the eye.  
 
The application of Eq. 2.9 resulted in a slightly less pronounced temperature effect on the best 
fitted radius of the W/O/W emulsion (Fig. 8.7). However, the Pfeuffer model could only partly 
compensate for the effect of exchange on the droplet size, despite that it is designed to take 
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exchange into account. The residence times of water in the inner water compartment of the 
emulsions are presented in Table 8.1 and decreased with increasing temperature. Similar to the 
previously measured primary W/O emulsions, the water residence times at 5 and 15 °C are much 
larger than the diffusion delay time, albeit associated with a large estimation error, indicating that 
the effect of water exchange on the droplet size is minimal.  
 
Table 8.1: Best fitted τ1 for the W/O/W emulsion using Eq. 2.9. 
 
  τ1 (s) 
T (°C)  W/Os/W  W/Oh/W  
5  1.00 ± 0.27 1.57 ± 2.61 
15  0.79 ± 0.16 0.44 ± 2.80 
25  0.33 ± 0.14 0.56 ± 0.23 
35  0.09 ± 0.09 0.30 ± 0.11 
 
 
 
Akin to the results from Eq. 2.3, the best fitted values of geometric standard deviation σg of the 
W/O/W emulsions were relatively ∆ independent. Nor was it affected by temperature in case of 
the W/Oh/W emulsions (σg=1.07 ± 0.05). Unlike the W/Os/W emulsions, whose σg at 5 °C 
(σg=1.49) and 15 °C (σg=1.38) were larger than at 25 °C and 35 °C (for both σg=1.00). 
A second procedure was attempted to disentangle the estimated radius from the effect of 
exchange by means of a data splicing procedure. Using the exchange model, all diffusion data 
sets as measured at different temperature and ∆ can be jointly fit to Eq. 2.9 in order to result in a 
collective droplet size, constraining that they originate from the same droplet size distribution. 
The collective droplet size amounted to 1.50 µm and 2.27 µm for W/Os/W and W/Oh/W 
emulsion. Analogously for W/O emulsions, splicing of the data is a good procedure to retrieve 
the real inner water droplet size for W/O/W emulsions, but has got the drawback to be complex, 
time-consuming and to hardly attach value to the data measured at higher temperature. 
A third data analysis procedure to obtain a temperature independent radius assumes that the 
apparent increase in inner water droplet size is due to water diffusion through the oil phase. Such 
an apparent increase should correspond to the distance travelled by diffusion as expressed by 
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Einstein’s law (Eq. 7.1 in section 7.4.2). A least-squares fit of Eq. 7.1 to the R43-values of the 
W/Oh/W emulsion (as obtained from Eq. 2.3 at constant temperature) using the Solver add in 
(Microsoft Excel) is presented in Fig. 8.8. Hereby, the R43,0-value is the extrapolated R43 at ∆=0 
ms, which should correspond to the real inner water droplet size. Based on Fig. 8.8 and Table 8.2, 
the extrapolated intercept is indeed independent from the measurement temperature.  
 
 
Fig. 8.8: Fit of Einstein’s diffusion law using Eq. 7.1 (lines) to the apparent water droplet radius 
R43 of the W/Oh/W emulsion as obtained from Eq. 2.3 (markers) using different ∆ values and 
temperatures. 
 
The best fitted R43,0 values are also shown in Fig. 8.7, in which the R43,0 of the W/Os/W emulsion 
at 5 °C was about 0.3 µm smaller than the R43 obtained from Eq. 2.3 at ∆ of 60 to 100 ms. (The 
larger estimated radius R43,0 for the W/Os/W emulsion at 25 °C might be due to an outlier of the 
data.) As a result, the application of Einstein’s diffusion law appears to be a more simple method 
to retrieve the real droplet size than using the more complicated extension of the Pfeuffer model 
(Eq. 2.9). Regarding the W/Oh/W emulsion, the correction was less than 0.1 µm.  
The best fitted D-value mostly increased with increasing temperature (Table 8.2), to which an 
Arrhenius equation could be fitted. The resulting activation energy (Ea) for the W/Os/W emulsion 
(68 ± 267 kJ/mol, R2=0.914) was about 1.4 times smaller than for the W/Oh/W emulsion (96 ± 
32 kJ/mol, R2=0.988), which is similar to the difference in Ea between the W/Os and W/Oh 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
0 50 100 150 200 250
R
43
 (µ
m
) 
∆ (ms) 
35 °C
25 °C
15 °C
5 °C
CHAPTER 8 
 
182 
 
emulsion. The obtained values of D and Ea indicate that diffusion of water through the oil layer 
might depend on the fat composition.  
 
Table 8.2: Output of Einstein’s diffusion law fit (Eq. 7.1) to the R43-values of the W/O/W 
emulsion as obtained from Eq. 2.3. Outlier W/Os/W data at 25 °C are placed between brackets.   
 
 R43,0 (µm)  D (·1011 m2/s) 
T (°C) W/Os/W W/Oh/W  W/Os/W W/Oh/W 
5 0.92 ± 0.13 1.92 ± 0.05  0.11 ± 0.11 0.00 ± 0.01 
15 1.10 ± 0.08 1.96 ± 0.16  0.14 ± 0.05  0.05 ± 0.06 
25 (2.51 ± 0.07) 2.06 ± 0.14  (0.00 ± 0.01) 0.13 ± 0.11 
35 1.35 ± 0.10 1.91 ± 0.22  1.73 ± 0.29  0.65 ± 0.37  
 
 
 
8.5 Conclusions 
The comparison of the high-resolution NMR diffusion signal of water and the water soluble 
marker tetramethylammonium chloride confirmed the occurrence of water exchange in W/O/W 
emulsions. The comparison of the low-resolution NMR diffusion signal of water upon cooling 
after previous measurements at higher temperatures supported these findings. A much larger 
apparent increase in R43-value with increasing temperature and/or ∆ was observed for water than 
for the marker. The analysis of the marker signal as obtained using high-resolution NMR thus 
enables a more proper droplet size analysis. As low-resolution NMR benchtop models are more 
robust and less expensive, three data analysis procedures were applied to minimize water 
exchange effects using the water signal. The extension of a model that takes exchange into 
account, such as the Pfeuffer model, could only partly compensate for the effect of exchange. Its 
application on the combined data measured at a series of temperatures resulted in a droplet size 
minimally affected by exchange. However, these two procedures require complicated data 
analysis and are more time consuming than the use of Einstein’s diffusion law. When fitting 
Einstein’s diffusion law to the data obtained using a non-exchange model, a diffusion delay 
independent droplet size was retrieved. Also when considerable water exchange occurred, it 
resulted in a proper droplet size analysis using the water diffusion signal. 
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Abstract 
 
Ionic species are often added to the water phase of W/O emulsions in order to slow down 
destabilization by droplet coarsening. The addition of ionic species has been reported to retard 
Ostwald ripening, as well as to affect the emulsification properties of polyglycerol polyricinoleate 
(PGPR). The interaction between hydrophilic compounds and PGPR would mainly affect the 
initial size of the droplets, whereas the increase in Gibbs free energy of the hydrophilic solute in 
the internal aqueous phase would mainly slow down the process of Ostwald ripening as a 
function of storage time.  
To unravel the underlying mechanism, the water droplet size distribution of W/O emulsions 
containing pure water, ionic and non-ionic compounds has been measured directly after 
preparation and as a function of storage time as kept at 5 °C and 20 °C using pfg-NMR 
diffusometry. 
The resulting droplet size distribution, the modeling of the droplet size increase with storage time 
at the different temperatures and the application of centrifugal forces, indicated that droplet 
coarsening could mainly be attributed to Ostwald ripening and that addition of ionic and non-
ionic hydrophilic species to the water phase largely slowed down the destabilization process, 
even if only present at milli-osmolar concentrations. 
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9.1 Introduction 
In general, the preparation of small sized droplets is favored in order to increase the gravitational 
stability of emulsions. Moreover, it is known that the susceptibility to Ostwald ripening during 
storage increases upon reducing the water droplet size to the nanoscale, which typically happens 
in nanoemulsions or mini emulsions with an average droplet size of 10-100 nm (McClements and 
Rao, 2011). During Ostwald ripening, dispersed phase molecules diffusing from smaller droplets 
condense with larger droplets upon dissolution of dispersed material. Droplet growth can also 
originate from droplet coalescence, which occurs when neighboring droplets come in close 
contact and their interfaces rupture to form a single larger droplet. Both processes result in an 
increase of the mean droplet size and can happen at different time scales (Schmitt et al., 2004). 
As the contribution of each process to the rate of droplet growth is difficult to determine 
(Koroleva and Yurtov, 2006), the conditions are mostly chosen so that one mechanism dominates 
over the other (Leal-Calderon et al., 2007).  
During preparation, the degree of droplet size reduction is inherently related to the applied 
emulsifier. In case of polyglycerol polyricinoleate (PGPR), a widely used emulsifier for W/O 
applications, a higher concentration further reduces the droplet size of the W/O emulsion (Su, 
2008). However, due to the less clean label image of PGPR, its application regulations for food 
use (Pawlik et al., 2010) and its unpleasant off-taste at concentrations of 5-10 wt%, PGPR 
reduction and/or replacement is highly desired (Dickinson, 2011), which limits the degree of 
droplet size reduction. Therefore, the addition of compounds that can reduce the use of PGPR are 
highly desired. It has been claimed that the addition of ionic species to the water phase of a W/O 
emulsion is beneficial for both W/O preparation and stabilization. Ionic species not only can 
retard the Ostwald ripening rate (Koroleva and Yurtov, 2006; Benichou et al., 2001; Sapei et al., 
2012), but have also been claimed to affect the emulsification properties of PGPR. In the latter 
regard, the addition of NaCl in PGPR-stabilized W/O emulsions resulted in a retardation of phase 
separation and of increase of droplet size upon storage (Wolf et al., 2013; Pawlik et al., 2010). 
The resulting small water droplet size with monomodal distribution was attributed to a molecular 
interaction of PGPR and NaCl, where the salt affects the interfacial positioning of PGPR. Hereby, 
the interfacial tension slightly decreased in the presence of salt (Wolf et al., 2013). Apart from 
PGPR, the effect of NaCl on the droplet size was also observed for Span 80 stabilized W/O 
emulsions, for which a minimum value of the electrolyte concentration was required (Koroleva 
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and Yurtov, 2003). In addition, other salts such as CaCl2 also resulted in PGPR stabilized W/O 
emulsions with a stable droplet size as a function of time. Hereby, Márquez et al. (2010) 
suggested different mechanisms. Firstly, electrolytes lower the water droplet attractive forces and 
hence, collision frequency, due to a decrease in refractive index difference (i.e. increase of 
refractive index of the water phase) and a decrease in dielectric constant difference (i.e. reduction 
of dielectric constant of the water phase) between the water and the oil phase. This mechanism 
was supported by a higher emulsion stability with increasing dissociation degree of different 
calcium salts (CaCO3 < Ca lactate < CaCl2). Secondly, calcium might affect the adsorption 
density of PGPR at the interface, which was evidenced by the decrease in interfacial tension upon 
increase of calcium. This phenomenon might be due to the binding of calcium to free fatty acids 
in the oil phase, which reduces the latter’s competitive adsorption with PGPR at the interface, 
favoring the interfacial adsorption of PGPR (Márquez et al., 2010). However, depending on the 
composition, the storage time plays a crucial role (Su, 2008). The addition of a sodium phosphate 
buffer to the PGPR-stabilized W/O emulsion, initially gave smaller droplets, but phase separation 
was observed with storage time. 
This work attempts to explain the above mentioned salt effects on PGPR stabilized W/O 
emulsions. On the one hand, an interfacial interaction between a hydrophilic compound and 
PGPR would mainly affect the size of the droplets during emulsion preparation. On the other 
hand, an increase in Gibbs free energy of the hydrophilic solute in the internal aqueous phase 
would mainly slow down the destabilization during storage time between preparation and 
measurement. Hereby, the contribution of droplet coalescence was evaluated upon rise of storage 
temperature, by modeling the droplet coarsening with time and upon application of centrifugation 
forces. 
 
 
9.2 Materials and methods 
9.2.1 Materials 
The lipophilic emulsifier polyglycerol polyricinoleate (PGPR 4150; min. 75% n-glycerols with 
n=2, 3 and 4; max. 10% m-glycerols with m≥ 7) was kindly provided by Palsgaard A/S 
(Denmark). High oleic sunflower oil (Hoso, Iodine Value=87; 82% C18:1) was purchased from 
Contined B.V. (Bennekom, The Netherlands). The anti-microbial agent sodium azide (NaN3) was 
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purchased from Acros Organics (Geel, Belgium). Sodium caseinate (5.5% moisture; 96% protein 
on dry matter) was received as a gift sample from Armor Protéines (Saint Brice en Cogles, 
France). D(+)-glucose (AnalaR Normapur) and tetramethylammonium chloride (TMACl) were 
obtained from VWR International (Leuven, Belgium) and Sigma-Aldrich (Steinheim, Germany), 
respectively. The above mentioned chemicals were of analytical grade.  
 
9.2.2 Emulsion preparation 
The oil phase consisted of 2.5% (w/v) PGPR in Hoso, to which the water phase was added 
dropwise. The water phase was prepared with MilliQ-water, to which 0.02% (w/v) NaN3, 1.25% 
(w/v) sodium caseinate, 4.50% (w/v) glucose, 1.37% (w/v) TMACl or 5.48% (w/v) TMACl 
might be added. The W1/O emulsions (40 g of 50:50, w/w) were mixed at 60 °C with an Ultra-
Turrax (type S25KV - 25G, IKA®-Werke, Germany) at 6500 rpm for 4 min. The samples were 
cooled in an ice bath for 40 minutes prior to storage at 5 °C or at 20 °C. 
 
9.2.3 Analytical photocentrifugation 
The samples were filled for 0.4 g in rectangular synthetic cells with 2.2 mm light beam path 
length (L.U.M. GmbH, Germany) and centrifuged using a LUMiFuge 116 (L.U.M. GmbH, 
Germany) centrifugal photosedimentometer for 10 h at 3000 rpm (max. 1200 x g) using a light 
intensity of 200%. The samples as stored for 4 and 9 days at 5 and 20 °C were brought to 5 °C for 
1 h prior to analysis at room temperature (using air cooling).  
The resulting transmission profiles of W/O emulsions show the transmission of light through the 
sample cell as a function of the sample cell height. A high transmission zone closer to the center 
of rotation (i.e. at the top of the sample) indicates an oil layer and a low transmission zone at 
larger distances from the center of rotation indicates a layer of sedimented water droplets. In the 
event that water separation occurs, a high transmission zone at maximum distances from the 
center of rotation (i.e. at the bottom of the sample) will be detected. The oil/water droplets front 
at 30% transmission can be plotted as a function of centrifugation time, whereby the slope is a 
measure of the demixing velocity (Balcaen et al., 2015).  
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9.2.4 Light microscopy 
An image of the W/O emulsion as stored for 7 days at 20 °C was taken with a Leitz Diaplan light 
microscope (Wild Leitz GmbH) equipped with Cell-software (Olympus Soft Imaging Solutions 
GmbH), upon sixfold dilution with oil phase using a hundred fold oil objective. 
 
9.2.5 Low-resolution pfg-NMR diffusometry 
NMR measurements were performed at 5 °C on a benchtop Maran Ultra spectrometer (Oxford 
Instruments, UK) operating at a frequency of 23.4 MHz. Samples were adequately filled as 
described in section 3.3.1. Water droplet size analysis was performed by pulsed field gradient 
(pfg) NMR diffusometry as explained in section 2.2.2, whereby the applied δ and Δ amounted to 
2.5 ms and 60 ms, respectively. The water diffusion data of the emulsions were fitted using the 
Murday and Cotts model (EeMC, Eq. 2.2 in section 2.2.3), as implemented in Matlab 7.5.0.342 
(R2007b) software (The MathWorks). This resulted in the best-fitted values of the arithmetic 
mean radius R43 and arithmetic standard deviation σ of the lognormal volume-weighted particle 
radius distribution and the echo intensity in the absence of a magnetic field gradient I0. The 
values of σ  and R43 were converted into the geometric standard deviation σg and the volume-
equivalent droplet radius R30 according to Eq. 2.12 and Eq. 2.14. 
The free self-diffusion coefficient of the bulk water phases with 0.02% sodium azide, 1.25% 
sodium caseinate, 4.50% glucose, 1.37% TMACl and 5.48% TMACl amounted to 1.32E-9, 
1.28E-9, 1.18E-9, 1.30E-9 and 1.21E-9 m2/s, whereas it amounted to 1.32E-9 m2/s for pure 
MilliQ-water without any hydrophilic compound.  
Samples were measured (at 5 °C) within 3 h after preparation, as well as after 1, 2, 3, 4, 7, 9 and 
11 days of storage time at a storage temperature of 5 and 20 °C. 
 
9.2.6 Density measurement 
The density of the water phase and oil phase was measured at 5 or 20 °C using an Anton Paar 
DMA 5000 density meter (Anton Paar Benelux). 
 
9.2.7 Statistical section 
Unless stated differently, the uncertainty of the estimated values and error bars in the graphs 
represent the standard deviation of three samples per measurement. A 95% confidence interval 
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was constructed by linear regression in Excel (Microsoft Office 2010) and by the Monte Carlo 
method (Motulsky and Ransnas, 1987). 
 
 
9.3 Results and discussion 
W/O emulsions were prepared that differed in the added hydrophilic compound to the water 
phase. As it is known that electrolytes might decrease the ripening rate by increasing the 
emulsifier adsorption density at the water-oil interface and by reducing the interfacial tension 
(Aronson and Petko, 1993), a possible molecular interaction with PGPR was evaluated by 
measuring the size of the droplets directly after emulsion preparation. Alternatively, the emulsion 
stabilizing effect by PGPR can be improved by the addition of a biopolymer (McClements and 
Rao, 2011). As such, sodium caseinate has been shown to enable reduction of the PGPR content 
due to a synergistic effect, which resulted in a more viscoelastic adsorbed layer (Su et al., 2006).  
The initial droplet size R30 was obtained by two methods. On the one hand, the initial droplet size 
R30 was measured within 3 hours after preparation. On the other hand, the initial droplet size R30 
was obtained upon linear extrapolation of R30 as a function of storage time at 5 °C to time zero. 
Fig. 9.1 shows that both methods resulted in similar initial droplet sizes R30, with values between 
1.5 and 2.0 µm. In comparison to the non-electrolyte glucose, a similar initial R30 value was 
obtained for the electrolyte TMACl at 5.48% aqueous concentration, whereas a larger R30 was 
obtained for the electrolyte NaN3 at 0.02% or for sodium caseinate at 1.25% in the water phase. It 
is worth noticing that the R30-value of the emulsion made with pure water was the largest. These 
results do not provide any evidence for stronger water droplet size reduction in the presence of 
salt, nor do they indicate a molecular interaction at the interface by the applied electrolytes.  
For sake of completeness, all emulsions were characterized by a geometric standard deviation σg 
of the particle radius distribution between 1.00 and 1.35. 
The droplet size of the emulsions was monitored up to 11 days of storage at 5 and 20 °C. It was 
believed that a temperature increase might magnify the droplet coarsening for the different 
compositions with storage time. Deminière et al. (1999) and Pays et al. (2001) found that the 
coalescence rate (k) depended on temperature according to an Arrhenius law (𝑘𝑘 = 𝑘𝑘0 ∙ 𝑒𝑒−𝐸𝐸𝑎𝑎𝑅𝑅𝑅𝑅). 
Regarding the Ostwald ripening rate ω (Eq. 1.2), the temperature explicitly and implicitly affects 
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the Ostwald ripening rate. Overall, an increase in temperature is believed to stimulate the 
Ostwald ripening rate by increasing the equilibrium solubility C∞ and diffusion coefficient D 
according to an Arrhenius law (Roger et al., 2015; Hilder, 1968; Hilder and van den Tempel, 
1971; Esteban et al., 2012; Bera et al., 2014; Saito and Shinoda, 1969; Gaonkar et al., 1992).  
 
 
Fig. 9.1: Initial droplet size R30 (with 95% confidence interval) of W/O emulsions as prepared 
with different water phases as obtained upon linear extrapolation of R30 as a function of storage 
time at 5 °C to time zero (dashed bars) and upon measurement within 3 h after preparation (grey 
bars). 
 
Significant differences in R30 evolution between the different W/O emulsions were observed 
upon storage at 5 and 20 °C. In fact, R30 increased for the W/O emulsions made with pure water 
and with 0.02% NaN3, whereas droplet growth was inhibited in the other W/O emulsions (Fig. 
9.2). 
It is known that the Ostwald ripening rate in W/O emulsions can be reduced upon addition of oil-
insoluble solutes (Koroleva and Yurtov, 2006; Benichou et al., 2001; Sapei et al., 2012). In the 
presence of such solutes, water is also transported from smaller to larger droplets due to the 
chemical potential or pressure difference, which results in a change of the droplet composition. 
The solute concentration increases in the smaller droplets, while it decreases in the larger droplets, 
which results in a decrease and increase of the chemical potential of water, respectively. 
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Consequently, the water will be driven back to the smaller droplets (Kizling and Kronberg, 1990). 
This stage at which there is no driving force is referred to as the pseudo-steady state of ripening 
(Taylor, 1998).  
 
   
a b c 
Fig. 9.2: Light microscopic image of the W/O emulsion as prepared with pure water (a), 0.02% 
sodium azide in water (b) and 5.48% TMACl in water (c), all stored at 20 °C for 7 days. 
 
A linear relationship of the evolution of the cubed droplet radius R30 (Eq. 1.6) or squared droplet 
radius R30 (Eq. 1.7) with storage time is found in case Ostwald ripening occurs according to a 
diffusion-controlled or permeation-controlled mechanism, respectively. To evaluate the 
mechanism in the emulsions without or with low content of aqueous dissolved species, the cubed 
and squared droplet size versus storage time was plotted in Fig. 9.3. Within the experimental 
error, a linear time evolution of the droplet size was obtained, whereby the use of Eq. 1.6 mostly 
resulted in a better fit than for Eq. 1.7 (Fig. 9.3). The best fitted results are given in Table 9.1. 
Note that the fitting was performed on values of R303  smaller than 20 µm3 and R302  smaller than 8 
µm2, in order to guarantee reliable results following restricted diffusion of water molecules in the 
droplets during a diffusion delay time of 60 ms. 
The Ostwald ripening rate of the emulsions prepared with sodium caseinate, glucose and TMACl 
was not significantly different from zero. Comparable ω values of 0.86 µm3/day and 0.09 
µm3/day were obtained for nonane-in-water emulsions at room temperature in Schmitt et al. 
(2004) and Kabalnov et al. (1990), as well as a comparable Λ value of 4.32 µm2/day (Schmitt et 
al., 2004). Porras et al. (2008) reported on a diffusion-controlled Ostwald ripening rate for Span 
80 and Tween 80 stabilized water-in-decane emulsions of about 0.86E-5 µm3/day at 25 °C, 
whereby the water phase contained unspecified sodium chloride content.  
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Table 9.1: Best fitted diffusion-controlled (ω) and permeation-controlled (Λ) Ostwald ripening 
rate (with 95% confidence interval) upon fitting Eq. 1.6 and Eq. 1.7 to R30 as a function of 
storage time at 5 and 20 °C. 
 
 ω (µm3/day) Λ (µm2/day) 
Water phase composition 5 °C 20 °C 5 °C 20 °C 
Pure water 1.14 ± 0.52  4.69 ± 2.71 0.33 ± 0.15 1.37 ± 1.05  
0.02% Sodium azide 0.33 ± 0.05 0.88 ± 0.15  0.12 ± 0.02  0.28 ± 0.05  
 
 
 
Koroleva and Yurtov (2003) calculated a critical electrolyte concentration, above which the mean 
droplet size changed by less than 1%. For NaCl it amounted to 0.188 M (or 376 mOsm) in the 
water phase, whereas below 376 mOsm NaCl, Ostwald ripening resulted in a droplet size change. 
In our study the emulsions with electrolyte in the water phase consisted of 6 mOsm NaN3, 250 
mOsm TMACl or 1000 mOsm TMACl. The droplet size monitoring with time indicated that 250 
mOsm was sufficient to retard droplet coarsening, whereas 0 mOsm (i.e. pure water) or 6 mOsm 
clearly resulted in droplet size instability. Apart from electrolytes, the droplet size of emulsions 
as prepared with a non-electrolyte (250 mOsm glucose) also remained constant with storage time. 
Therefore, the stabilizing effect seems to arise from an osmotic effect, rather than an electrolyte 
effect, provided that a minimum concentration was used. This was further evidenced by the stable 
droplet size of the emulsion as prepared with 1.25% sodium caseinate in the water phase (140 
mOsm using 20000 g/mol, Herzi et al., 2012), although the synergistic effect between sodium 
caseinate and PGPR might also contribute (Su et al., 2006). 
The different intercept for the emulsion as prepared with pure water in Fig. 9.3 seems to indicate 
that there is also an effect of hydrophilic compounds on the droplet size during preparation (and 
hence, not only on the storage stability, i.e. Ostwald ripening). Considering the huge impact of 
temperature on Ostwald ripening, a pronounced effect may be obtained during the preparation at 
60 °C and initial storage before the samples reach their target storage temperature. 
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a b 
  
c d 
Fig. 9.3: Cubed (a,c) and squared (b,d) droplet size as a function of storage time at 5 °C (a-b) and 
at 20 °C (c-d). Different marker shading indicates the batch origin. 
 
Irrespective of the storage temperature, all emulsions were characterized by a geometric standard 
deviation σg of the particle radius distribution between 1.00 and 1.35 over a time span of 10 days, 
except for the W/O emulsions prepared with pure water for which σg significantly increased with 
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time at 5 °C and it increased even more at 20 °C (Fig. 9.4). Note that σg of the latter emulsion 
levelled off at 1.6, which is related to the incomplete restriction of diffusion of water molecules 
in the droplets during a diffusion delay time of 60 ms. Regarding the polydispersity of coarsened 
emulsions, no straightforward indication of the coarsening mechanism can be provided. For the 
case of nonionic surfactant stabilized silicone-in-water emulsions, the monodispersity of 
emulsions undergoing coalescence was preserved, whereas upon addition of ionic surfactants the 
polydispersity increased with time (Deminière et al., 1999). In case of Ostwald ripening, the 
scaled distribution evolves towards a time invariant distribution at the stationary regime 
(Kabalnov and Shchukin, 1992; Taylor, 1998), although deviations have been described for 
higher volume fractions (Taylor, 1998). 
 
  
a b 
Fig. 9.4: Geometric standard deviation of the particle radius distribution σg as a function of 
storage time at 5 °C (a) and at 20 °C (b). 
 
To investigate the possibility of coalescence as the driving force for instability, the linearity of 
1/R302 as a function of storage time was evaluated at 5 and 20 °C using Eq. 1.10. Fig. 9.5 
indicates clear deviations of the experimental data from the coalescence model. Regarding Eq. 
1.12, which describes an exponential relationship of the evolution of R303 with storage time, Figs. 
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9.3(a,c) do not provide evidence of a coalescence controlled droplet coarsening. Based on 
modeling of the droplet size with time, the kinetics of droplet coarsening must be predominantly 
controlled by Ostwald ripening. 
 
  
a b 
Fig. 9.5: Droplet size 1/R302 as a function of storage time at 5 °C (a) and at 20 °C (b). Different 
marker shading indicates the batch origin. 
 
To further elucidate the role of coalescence in the emulsions that coarsened with time, a 
centrifugal force was applied in order to stimulate droplet collision, droplet compression and 
hence, droplet coalescence (Kabalnov et al., 1990). Hereby, it is expected that droplet 
coalescence in the W/O emulsion would result in a separated water layer, which should result in a 
transparent layer at the bottom. The transmission profile of the coarsened emulsions upon 9 days 
of storage at 5 °C (Fig. 9.6) or at 20 °C did not indicate any water separation at the bottom of the 
sample cell (i.e. position at 113.5 mm). In Fig. 9.6, the total front shift (i.e. 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐼𝐼𝑝𝑝𝑝𝑝𝐼𝐼 (10 ℎ) −𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐼𝐼𝑝𝑝𝑝𝑝𝐼𝐼 (0 ℎ)113.5 𝑚𝑚𝑚𝑚−𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐼𝐼𝑝𝑝𝑝𝑝𝐼𝐼 (0 ℎ) ∙ 100%, whereby the interface position is measured 
at 30% transmission) was less pronounced when 0.02% NaN3 was added (i.e. 42.1 ± 0.4%) 
versus 48.0 ± 0.3% using pure water. In Fig. 9.7, the front shift at 30% transmission as a function 
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of centrifugation time is depicted for all W/O emulsions as stored at 5 °C for 4 days. Similar 
relative trends in front shift were detected for the emulsions as stored at 5 °C for 9 days, as well 
as when stored at 20 °C for 4 or 9 days. For the emulsions as prepared with pure water and upon 
addition of sodium azide, the front levelled off after 6 h of centrifugation (Fig. 9.7). Hence, a 
maximum compressibility was reached, whereby the emulsion made with pure water was more 
compressible than the one with NaN3. This is explained by the former’s larger σg, whereby the 
smaller droplets fit in the pores between the larger droplets, as well as by a larger deformability 
of larger droplets. 
 
                                      
Fig. 9.6: Transmission profile of the W/O emulsions as prepared with pure water (black line) and 
0.02% Sodium azide (grey line) as measured after 9 days of storage at 5 °C. The full and dashed 
lines represent the emulsions at the start and after 10 h of analytical photocentrifugation. The tube 
represents the W/O emulsion as prepared with pure water after 10 h of centrifugation. 
 
Tracking the front (at 30% transmission, as depicted in Fig. 9.7), that proceeds the level-off 
region, as a function of centrifugation time yields the front shift velocity (Fig. 9.8), which is a 
measure for the demixing velocity. Whereas for dilute systems (i.e. the interparticle spacing is 
much larger than the particle radius) the front shift velocity can be decomposed in its determining 
factors (smallest droplet diameter2 of the distribution, density difference between water and oil, 
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oil phase viscosity-1 and centrifugal acceleration), it is less straightforward for concentrated 
systems. Hereby, the density of the different water phases was at most 1.016 g/mL at 20 °C using 
4.50% glucose (Liu et al., 2007). The density of the water phase containing pure water, 1.25% 
sodium caseinate, 1.37% TMACl and 5.48% TMACl amounted to 0.998, 1.013, 0.998 and 0.999 
g/mL at 20 °C, whereas the density of the oil phase amounted to 0.924 g/mL at 5 °C. 
 
Fig. 9.7: Front at 30% transmission as a function of centrifugation time for the W/O emulsions 
stored at 5 °C for 4 days. 
 
  
a b 
Fig. 9.8: Front shift velocity of the W/O emulsions stored at 5 °C (a) and 20 °C (b) as obtained 
from the front data in Fig. 9.7. 
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In comparison to the emulsions with aqueous 1.25% sodium caseinate, 4.50% glucose or 1.37% 
TMACl, a higher demixing velocity was noticed for the coarsened emulsions at 5 °C on account 
of their larger particle size (Fig. 9.8). The smallest velocity was obtained for the sample with 5.48% 
TMACl in water. 
Upon storage for 4 days at 20 °C, the front shift velocity was similar for the emulsion with pure 
water and with 0.02% sodium azide. This might be explained by the similar smallest particle size 
of both distributions, whereby the former’s particle size distribution is characterized by a larger 
mean droplet size and larger distribution width and the latter’s distribution is characterized by a 
smaller mean droplet size and smaller distribution width. 
The front shift velocity for the W/O emulsion with pure water decreased with increasing storage 
time at 5 and 20 °C. Although the mean droplet size increased, it is the increase in distribution 
width that results in the presence of smaller droplets, which might explain the decrease in front 
shift velocity. 
At 20 °C, the front shift velocity of the emulsion as prepared with 4.50% glucose was larger in 
comparison to the emulsion with 1.25% sodium caseinate or with 1.37% TMACl in water, 
although their mean droplet size and distribution width were comparable. This observation might 
be explained by the larger density difference between water containing glucose and oil, as 
compared to the other water phases. However, other factors (e.g. interaction forces between 
droplets) can also affect the demixing velocity in non-dilute systems. 
 
 
9.4 Conclusions 
The addition of hydrophilic compounds to the water phase of W/O emulsions clearly affected the 
stability of the droplet size as a function of time. An electrolyte interaction effect with the 
emulsifier PGPR could not be evidenced based on the similar droplet size of the emulsion with 
the non-electrolyte glucose and electrolyte tetramethylammonium chloride directly after 
preparation. Upon storage, a sharp increase in droplet size was observed for the W/O emulsions 
as prepared with pure water, which was more pronounced at 20 °C as compared to 5 °C. Upon 
addition of some milli-osmolar of water soluble compound, the increase was less extended. The 
use of some hundreds of milli-osmolar of hydrophilic solute completely stopped the droplet 
coarsening in the time frame studied, even when stored at room temperature. 
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By modeling the droplet size increase with time and upon application of centrifugal forces, the 
observed droplet coarsening could mainly be attributed to Ostwald ripening.  
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EFFECT OF COOLING RATE ON THE MICROSTRUCTURE  
OF A SOFT PMF BASED W/O EMULSION 
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Abstract 
 
High melting fats in the preparation of W/O emulsions are often used to create cosmetics, food 
and pharmaceutical products with a specific functionality. As the fat crystal network structure of 
bulk high melting fats is influenced by the cooling rate, it is also expected to play a key role in 
the microstructure of fat continuous emulsified systems. 
Water-in-soft palm mid fraction emulsions were stabilized by polyglycerol polyricinoleate 
(PGPR) and either cooled fast or slowly or not cooled. The microstructure was evaluated using 
pulsed field gradient NMR, confocal laser scanning microscopy, polarized light microscopy and 
cryo-scanning electron microscopy. 
A slow cooling rate resulted in coarse fat crystal aggregates, whereby water was present as 
spherical droplets and in non-emulsified water zones. The fraction of freely diffusing water was 
not detected in the fast or non-cooled sample. Upon fast cooling, the water droplets were spatially 
fixated in a homogenous network of fine sized crystal aggregates. Hence, the cooling rate 
affected the size of the fat crystal clusters in a similar manner as in bulk fat. The effect of the 
cooling rate on the water emulsification clearly showed its importance towards increasing the 
shelf life of commercial spreads and margarines. 
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10.1 Introduction 
The final fat network structure and inter-crystalline interactions determine the properties of fat-
structured food products, such as texture, appearance, flavor, as well as the thermal, mechanical 
and chemical stability (Acevedo et al., 2011). The process of fat crystallization is influenced by 
several external and internal factors. The most important external factors include the 
incorporation of additives, the cooling procedure (cooling system, cooling rate, cooling 
temperature), as well as the application of agitation, sonication and pressure. These external 
factors greatly affect the fat crystal polymorphism, which is an important internal factor and 
depends on the composition of the fat (Sato et al., 2013).  
Rapid cooling to a low temperature usually promotes a higher nucleation rate, resulting in many 
small crystals (Douaire et al., 2014). As such, the cooling rate can influence the growth mode of 
the network, the polymorphic, microstructural and solid fat content changes, as well as the 
rheology and physical functionality of the bulk fat (Humphrey and Narine, 2007; Tran et al., 
2014; Wiking et al., 2009; Sato et al., 2013; Bayés-García et al., 2015).  
When lipids exist as part of physically heterogeneous systems such as emulsions, some 
differences in thermal phase transition are expected (Douaire et al., 2014). The W/O emulsion 
can be stabilized by fat crystals acting as Pickering stabilizers and/or by fat crystal network 
stabilization. Pickering stabilization occurs when amphiphilic fat crystal nuclei grow at the water-
oil interface and sinter to form a crystal shell (di Bari et al., 2014; Hodge and Rousseau, 2005; 
Ghosh et al., 2011). The occurrence of Pickering stabilization strongly depends on the applied 
emulsifier; Ghosh and Rousseau (2012) did not observe interfacial crystallization in PGPR 
stabilized W/O emulsions. A continuous fat crystal network can also stabilize the W/O emulsion, 
provided that a certain fat crystal concentration is present. The network offers mechanical 
screening of the water droplets due to an increase of viscosity of the continuous phase and a 
smaller density difference between the dispersed and continuous phase. The separation of the 
droplets decreases their flocculation rate and coalescence rate (Rousseau et al., 2003; Wassell et 
al., 2012; Johansson et al., 1995).  
Although the use of a solid fat phase is extensively applied in food, cosmetic and pharmaceutical 
products, only limited information is available about the production of stable fat continuous 
emulsions at lab-scale and larger scale (di Bari et al., 2014). Johansson et al. (1995) investigated 
the effect of fat crystal concentration on the stability of W/O emulsions and di Bari et al. (2014) 
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found a clear dependence of the crystallization behavior of cacao butter on the applied 
mechanical stress during preparation of the W/O emulsion. To investigate the role of another 
important external factor on the stability of PGPR-stabilized W/O emulsions, this study evaluated 
the effect of cooling rate on the water droplet size distribution and microstructure of W/O 
emulsions. 
 
 
10.2 Materials and methods 
10.2.1 Materials 
The lipophilic emulsifier polyglycerol polyricinoleate (PGPR 4150; min. 75% n-glycerols with 
n=2, 3 and 4; max. 10% m-glycerols with m≥ 7) was kindly provided by Palsgaard A/S 
(Denmark). The hydrophilic emulsifier sodium caseinate (5.5% moisture; 96% protein on dry 
matter) was received as a gift sample from Armor Protéines (Saint Brice en Cogles, France). Soft 
palm mid fraction (soft PMF; Iodine Value= 42-50; SFC= 79% at 5 °C) and Nile red was 
purchased from Unigra Sp. (Conselice, Italy) and Sigma-Aldrich (Steinheim, Germany), 
respectively. Soft PMF contains high levels of mono-unsaturated triacylglycerols (such as 
dipalmito olein POP) and dioleo palmitin (POO), which makes them desirable for margarine 
applications (Calliauw et al., 2007). The 0.1 M phosphate buffer solution (pH 6.7) contained  
0.02% (w/v) of the anti-microbial agent NaN3 (Acros Organics, Geel, Belgium), KH2PO4 (Merck 
KGaA, Darmstadt, Germany) and K2HPO4 (Alfa Aesar, Karlsruhe, Germany). The above 
mentioned chemicals were of analytical grade.  
 
10.2.2 Emulsion preparation 
An Ultra-Turrax (type S 25 KV- 25 G, IKA®-Werke, Germany) at 6500 rpm for 4 min was used 
to homogenize the W/O emulsion (30 g, 50:50, w/w) at 60 °C. Soft PMF was heated to 65 °C and 
equilibrated while stirring for 10 minutes to ensure homogeneity and to destroy crystal memory 
(Rønholt et al., 2012). The soft PMF fat phase consisted of 2.5 wt% PGPR and 0.0005 wt% Nile 
red in soft PMF. The water phase (W) contained 1.25% (w/v) sodium caseinate and the 0.1 M 
phosphate buffer solution. 
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10.2.3 Cooling regimes 
The samples filled in the analysis technique specific recipients, were either fast, slowly or not 
cooled prior to the measurement. The temperature in 30 g of sample against the borosilicate 
beaker wall (Griffin Low Form 100 mL, VWR, Germany) was monitored during the 
emulsification time using an RTD temperature probe DVP-94Y, connected to a Brookfield DV-
II+ Pro Programmable viscometer with Rheocalc software (Brookfield, USA). Fig. 10.1 (zone I) 
shows that upon contact with the mixing device the sample temperature initially decreased and 
subsequently increased due to the shear action. Afterwards, the temperature drops to about 35 °C 
during sampling (zone II in Fig. 10.1) into 18 mm outer diameter glass NMR-tubes (Oxford 
Instruments, UK). Two different cooling regimes were applied. The fast cooled emulsion (FC) 
sample was statically cooled in a water bath thermostated at - 5 °C, whereas the slowly cooled 
sample (SC) was statically cooled at room temperature. The temperature at the cylindrical axis of 
the emulsion sample (cylindrical-shaped with height 15 mm and inner diameter 15.2 mm) was 
further monitored as a function of time (Fig. 10.1) using the RTD probe and a thermocouple (type 
T) connected with an electronic digital thermometer (Agilent 34970A, Agilent Technologies, 
USA). After 1 h, the FC and SC sample were stored overnight at + 5 °C. The non-cooled sample 
(NS) was stored throughout at 35 °C, at which the fat remains completely liquid. 
                  
Fig. 10.1: Real-time temperature curve of the fast cooled FC (full grey line), slow cooled SC 
(dashed grey line) and non-cooled NC (black line) W/O emulsion. The grey shaded zones I and II 
refer to the emulsification process and sampling, respectively. The final temperature is indicated 
by dotted lines. 
Overnight 
35 °C 
5 °C 
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10.2.4 Cryo-scanning electron microscopy  
The emulsion sample was placed in the slots of a stub (type PP3010T Universal, Quorum 
Technologies, UK), plunge-frozen in slush nitrogen and transferred into the cryo-preparation 
chamber (PP3010T Cryo-SEM Preparation System, Quorum Technologies, UK) where it was 
freeze-fractured, sublimated for 20 min and subsequently sputter-coated with Pt and examined in 
a JEOL JSM 7100F SEM (JEOL Ltd, Tokyo, Japan). 
 
10.2.5 Low-resolution pfg-NMR diffusometry 
NMR measurements were performed at 5 °C on a benchtop Maran Ultra spectrometer (Oxford 
Instruments, UK) operating at a frequency of 23.4 MHz. Samples were adequately filled as 
described in section 3.3.1. Water droplet size analysis was performed by pulsed field gradient 
(pfg) NMR diffusometry as explained in section 2.2.2, whereby the gradient duration (δ) was 
kept constant (2.5 ms) and the diffusion delay (∆) fixed at 60 ms. The free self-diffusion 
coefficient of the inner water phase amounted to 1.20E-9 m2/s.  
The values of the arithmetic mean radius (R43) and arithmetic standard deviation (σ) of the 
lognormal volume-weighted water droplet size distribution, as well as of the echo intensity in the 
absence of a magnetic field gradient (I0) were estimated by performing a least-squares fit of Eq. 
2.2 (EeMC) to the echo intensity data using Matlab 7.5.0.342 (R2007b) software (The MathWorks). 
The value of σ can be converted into the geometric standard deviation σg using Eq. 2.12. 
To accommodate for a fraction of less restricted water in the W/O emulsion or imperfect 
lognormal distribution of droplet sizes, Eq. 2.2 can be extended using an unrestricted diffusion 
term into Eq. 2.3 (EMCFW) (Fourel et al., 1994; Ambrosone et al., 2004; Bernewitz et al., 2011). 
The free water fraction (FW=100-EV), the effective diffusion coefficient in the outer aqueous 
phase (De), I0, R43 and σ were determined upon performing a least-squares fit of Eq. 2.3 to the 
echo intensity data using Matlab 7.5.0.342 (R2007b) software (The MathWorks).  
 
10.2.6 Polarized light microscopy 
The freshly prepared W/O emulsion at 35 °C was placed on a glass microscope slide and covered 
by a cover slip. The FC and SC samples were fast and slowly cooled according to Fig. 10.1 on a 
temperature-controlled microscope stage (Linkam T95 System Controller, Linkam Scientific 
Instrument Ltd, Surrey, UK). After overnight storage at 5 °C, the FC and SC samples were 
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equilibrated at 10 °C, upon which the crystal morphology was observed under polarized light 
using a Leica DM2500 microscope (Wetzlar, Germany) equipped with a color camera Leica 
MC170 HD and ten and forty fold objective. 
 
10.2.7 Light microscopy 
Light microscopy was performed with a Leitz Diaplan light microscope (Wild Leitz GmbH) 
equipped with Cell-software (Olympus Soft Imaging Solutions GmbH) using a hundred fold oil 
objective. After overnight storage, the non-cooled sample was 1:6 diluted with fat phase at 35 °C. 
 
10.2.8 Confocal laser scanning microscopy 
The fat phase of the emulsion was fluorescently labeled using Nile Red in the fat phase of the 
W/O emulsion. Images were taken with a Nikon A1plus confocal laser scanning microscope 
(Nikon Instruments Inc., USA). Excitation was performed by means of a 561.7 nm laser and 
fluorescence was detected through a 515/30 bandpass filter. The images were acquired with an 
oil-immersion 40 lens using Nikon NIS Elements software.  
 
10.2.9 Statistical section 
Error margins associated with the estimated predictor variable values within the Murday and 
Cotts model represent the standard error of the estimate as obtained from the Hessian matrix in 
the Matlab output. Regarding the comparison of Eq. 2.2 and Eq. 2.3 (i.e. with a different number 
of parameters within the model), the applied measure of goodness-of-fit was the root mean 
squared error (RMSE), whereas the fit to relative trend was measured by the adjusted R2-value. 
 
 
10.3 Results and discussion 
10.3.1 Emulsion microstructure 
The emulsion microstructure was visualized using polarized light microscopy (PLM) in Fig. 10.2 
and confocal laser scanning microscopy (CLSM) in Fig. 10.3.  
 
 
 
EFFECT OF COOLING RATE ON THE MICROSTRUCTURE OF A W/OS EMULSION 
 
209 
 
10.3.1.1 Polarized light microscopy 
In PLM images, fat crystals appear bright between two crossed polarizers of a polarized light 
microscope because of birefringence, whereas liquid oil remains dark (Acevedo et al., 2011).  
In Fig. 10.2, the slowly cooled W/O emulsion shows larger regions of non-crystalline (non-
birefringent) material with more irregular boundary, whereas regularly shaped non-crystalline 
regions (with a diameter of about 25 µm) were observed in the fast cooled sample.  
Water droplets could not be detected using light microscopy, possibly due to the low 
magnification. 
 
  
a b 
Fig. 10.2: Polarized light micrographs of the slowly cooled (a) and fast cooled (b) W/O emulsion. 
Insets: magnified micrographs. 
 
It is known that the use of high crystallization temperatures or slow cooling rates decreases the 
nucleation rate in bulk fat systems, which is usually accompanied by a relative increase in crystal 
growth, larger crystal sizes and crystal aggregates. In fact, the onset of nucleation is driven by the 
force that is proportional to the temperature difference between the melting point and 
crystallization temperature (Marangoni et al., 2006). On the other hand, low crystallization 
temperatures or fast cooling rates yield smaller dimensions of fat crystal aggregates (Acevedo et 
al., 2011; Humphrey and Narine, 2007; Tang and Marangoni, 2006; Tran et al., 2014). The effect 
of the cooling rate on the size of the dimensions of the crystal aggregates in bulk fat is clearly in 
accordance with the emulsified systems in our study (Fig. 10.2). Fat crystal aggregates of about 
20 µm and 5 µm in diameter are obtained upon slow and fast cooling, respectively (Fig. 10.2). 
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It is worth noting that the difference in crystal cluster structure was also visually observed during 
sample handling. The FC W/O emulsion showed a higher hardness and brittleness than the more 
plastic SC-W/O sample. This can be explained by more numerous interactions between the small 
crystal particles in the former sample. The softer SC-W/O originates from the more 
heterogeneous spatial distribution of larger crystals (Campos et al., 2002; O’Brien, 2008). 
 
10.3.1.2 Confocal laser scanning microscopy 
For CLSM, the fat phase was dyed with Nile Red. As Nile Red is only soluble in the liquid fat 
phase, the liquid fat phase appears bright and the fat crystals appear as grey-black zones in the 
confocal images (Rønholt et al., 2012; van Dalen, 2002).  
As such, confocal laser scanning microscopic images serve as a microphotographic negative as 
compared to polarized light microscopic images. The dimensions of the bright zones in Fig. 10.3 
(i.e. liquid fat phase) roughly agree with the dimensions of the non-crystalline regions in Fig. 
10.2. Hence, the latter zones must be assigned to the liquid fat phase.  
Apart from fat crystal aggregates, the non-spherical black zones in Fig. 10.3 (a,c) might indicate 
the presence of more freely diffusing water (i.e. less restricted by droplet boundaries). Fourel et al. 
(1995) also observed non-spherical elongated water domains with a maximum width of about 
100 µm, which were defined as feeders.  
Upon magnification of the confocal image (Fig. 10.3c,d) and while taking into account that the 
dimensions of the fat crystal aggregates were about 5 and 20 µm in diameter in the fast and 
slowly cooled sample (Fig. 10.2), the smaller sized spherical entities in Fig. 10.3 (c,d) must 
represent (micrometer sized) water droplets. Whereas a spatially homogeneous distribution of 
spherical droplets (with a radius of about 1 µm) was observed for the fast cooled sample, larger 
irregularly sized water domains were surrounded by the liquid fat phase in the slowly cooled 
sample. Hence, this shows a clear linkage between water droplet size distribution and cooling rate.  
To compare the images with a fat crystal free sample, a confocal and light microphotograph was 
also taken of the non-cooled W/O emulsion as kept at 35 °C (Fig. 10.4a,b). Fig. 10.4a indicates 
that the average water droplet radius was smaller than 2.5 µm. Probably due to the increased 
solubility of Nile Red at 35 °C in both the water and fat phase, as well as the increased mobility 
of droplets at higher temperature (i.e. Brownian motion), the droplet structure in the confocal 
images of NC-W/Os could not be discerned (Fig. 10.4b). 
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a b 
  
c d 
Fig. 10.3: Confocal image of the W/O emulsion cooled slowly (a) and rapidly (b). The white 
frame indicates their respective zoomed-in images (c,d).  
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        a          b 
Fig. 10.4: Image of the non-cooled W/O emulsion using light microscopy upon 1:6 fat phase 
dilution (a) and confocal laser scanning microscopy upon no dilution (b). 
 
10.3.1.3 Cryo-scanning electron microscopy 
In comparison to the resolution of PLM (in the order of 1 µm) and CLSM (in the order of 0.5-0.8 
µm), the resolution of electron microscopy is much higher (in the order of 0.1 µm) (Acevedo et 
al., 2011). Cryo-Scanning Electron Microscopy (cryo-SEM) differs from PLM and CLSM in the 
visualization of a single state of the fat phase (i.e. the liquid fat phase is frozen and hence, the 
contrast between frozen oil and fat crystals is very small) (Acevedo et al., 2011). Moreover, cryo-
SEM visualizes the fractured surface of the microstructure, whereas PLM and CLSM result in a 
cross-sectional view of the structure (Tang and Marangoni, 2006). Therefore, to further evaluate 
the effect of cooling on the emulsion microstructure from a surface point of view, cryo-SEM was 
applied (Fig. 10.5).  
The slowly cooled W/O emulsion showed the typical (tectonic) features of water domains (Fig. 
10.5a), which were not detected in the fast cooled (Fig. 10.5c) or non-cooled sample (Fig. 10.5e). 
The non-emulsified water domains in Fig. 10.5a surround the fat domains in which water droplet 
clusters are enclosed (Fig. 10.5b). This is in agreement with Fig. 10.3 (a,c), in which fat crystal 
aggregates and/or more freely diffusing water (black zones) surrounded the water droplets in 
liquid fat. Flocculation or clustering of water droplets into non-crystalline regions might be 
caused by the force exerted by large fat crystal aggregates (Ghosh and Rousseau, 2011). This 
might result in emulsion destabilization due to an increase in interaction between the water 
droplets (Rønholt et al. 2014).  
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In contrast, flocculation was not observable in the images of the fast cooled (Fig. 10.5d) and non-
cooled sample (Fig. 10.5f). In fact, detached water droplets (with a radius of about 1 µm) can be 
discerned, whereby the droplets are more embedded in fat for the fast cooled W/O emulsion. 
Hence, cryo-scanning electron microscopic analysis further provided evidence that slow cooling 
of the emulsion resulted in zones of more freely diffusing water, whereas fast cooling spatially 
fixated the water droplets in the emulsion. 
 
10.3.2 Water droplet size distribution 
Water-in-oil (W/O) emulsions prepared with vegetable fats and oils are typically used as 
margarines and spreads, which need to show resistance against water-oil separation and 
coalescence (Sato and Ueno, 2011). Whereas small water droplet radii are preferred in order to 
increase the microbiological stability and to minimize the drying out of the surface (Balinov et al., 
1994), the presence of some larger droplets positively contributes to the taste perception in the 
mouth of commercial spreads and margarines. The effect of the rate of post-emulsification 
cooling on the water droplet size distribution was determined by pfg-NMR diffusometry.  
 
a  
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f  
Fig. 10.5: Cryo-SEM image of the slowly cooled (a,b), fast cooled (c,d) and non-cooled W/O 
emulsion (e,f). A magnification of 500 was used for the left column, whereas 5000 was used for 
the right column. 
 
Eq. 2.2 was fitted to the diffusion data of the slowly and fast cooled W/O emulsion (Fig. 10.6). 
The resulting water droplet size distribution of the fast cooled W/O was characterized by an R43 
of 1.05 ± 0.01 µm and σ of 0.0 ± 0.3 µm. For the slowly cooled W/O emulsion, an R43 of 1.14 ± 
0.02 µm and σ of 0.6 ± 0.1 µm was estimated. As the microstructure analysis indicated the 
presence of non-emulsified water domains in the W/O emulsion upon slow cooling, also Eq. 2.3 
was applied. In comparison to the use of Eq. 2.2 (R2adj=0.9945, RMSE=41), a better data fit was 
obtained using Eq. 2.3 (R2adj=0.9992, RMSE=16) for the slowly cooled sample, which further 
provides evidence that part of the water is not completely and/or poorly emulsified. Using Eq. 2.3, 
the resulting free water fraction and R43 amounted to 8.4 ± 0.3% and 1.09 ± 0.01 µm.  
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Fig. 10.6: Experimental and best fitted echo intensity of the slowly (◊) and fast cooled (□) W/O 
emulsion as measured at 5 °C. The full lines indicate the fit of Eq. 2.2 to the diffusion data, 
whereas the dashed line indicates the use of Eq. 2.3.  
 
The geometric standard deviation σg was less than 1.01 (i.e. σ was 0.0 ± 0.2 µm). When a free 
water fraction is not taken into account, a broader distribution width for the slowly cooled sample 
was obtained, although the confidence interval is large. In Balinov et al. (1994) the free water 
was assumed to be negligible in W/O low-calorie spreads and margarines, which resulted in a 
large polydispersity in water droplet size (i.e. σg of about 2), whereas a liquid margarine with 
80% fat was found to be almost monodisperse (σg < 1.01). 
An unrestricted diffusion water fraction in liquid oil based W/O emulsions was also described by 
Fourel et al. (1994), albeit it only contributed for about 1%. A larger unrestricted diffusion 
fraction (i.e. 16, 4 and 3%) was observed for commercial butter and spread samples with 41, 60 
and 82% total milk fat content, respectively (Fourel et al., 1995). However, the latter products are 
usually rapidly cooled while stirred in a scraped surface heat exchanger (Miskandar et al., 2005).  
It is worth mentioning that the water droplet size distribution of the slowly (using Eq. 2.3) and 
fast cooled (using Eq. 2.2) sample are not significantly different, which is also evident from the 
similar slope and curvature of the NMR echo decay at larger q2 values (Fig. 10.6). 
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10.4 Conclusions 
The effect of cooling rate on the water droplet size distribution and emulsion microstructure of 
W/O emulsions was investigated with pulsed field gradient NMR and microscopic techniques.  
Slowly cooled W/O emulsions displayed a non-emulsified water fraction, whereas the droplet 
size distribution was comparable to the fast cooled samples as measured by NMR diffusometry. 
Confocal laser scanning microscopy, polarized light microscopy and cryo-scanning electron 
microscopy experiments on the slowly cooled samples revealed water droplet clusters embedded 
in non-crystalline fat regions, which were surrounded by non-emulsified water and coarse fat 
crystal aggregates. Microscopic analysis on the fast cooled or non-cooled samples revealed the 
presence of detached water droplets. In case of fast cooling, the water droplets were spatially 
fixated in a homogenous network of fine sized crystal aggregates surrounded by liquid fat regions. 
The continuous fat crystalline network can determine the stability of W/O emulsions (Ghosh and 
Rousseau, 2011). In that regard, the fat crystal concentration and the applied mechanical stress 
during preparation have been shown to be key factors (Johansson et al., 1995; di Bari et al., 2014). 
It is known that the cooling rate is an important external factor for the microstructure formation 
of bulk fat systems (Douaire et al., 2014). This study on emulsified fat systems showed that the 
cooling rate greatly affected the size of the fat crystal clusters in a same manner as in bulk fat. It 
is believed that slow cooling resulted in more free water upon clustered droplet arrangement, 
which originates from a force exerted by large fat crystal aggregates (Ghosh and Rousseau, 2011; 
Rønholt et al. 2014). It is worth mentioning that optimization of the cooling rate comes down to 
finding a balance of an optimum taste perception, microbiological stability and minimum of 
surface dryness (i.e. related to droplet size and non-emulsified water fraction), as well as of an 
optimum mouthfeel and spreadability (i.e. related to fat crystal network formation) of the W/O 
emulsion during its shelf life. 
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11.1 Conclusions 
The W/O/W technology opens interesting perspectives for creation of O/W emulsions with a 
reduced caloric content and for encapsulation of non-compatible water soluble ingredients in a 
single product.  
In the dairy and sauce sector, dispersed systems are very important and the possibility to 
decouple the volume fraction of the dispersed phase from the fat content is definitely an asset 
with respect to taste perception and functionality. On the other hand, the bakery sector and 
especially the supply sector attempt to integrate as many ingredients as possible into a single 
liquid matrix, because this enhances the ease of use (e.g. automated dosage). Also for functional 
food applications, encapsulation may open new perspectives. 
Whereas multiple emulsions are known for some decades, widespread industrial applications, 
especially in the food sector, are lacking. In order to aid their application, this PhD dissertation 
attempts to deepen the fundamental understanding of the stability of W/O/W double emulsions. 
Hereby, due attention was paid to method development and optimization based on nuclear 
magnetic resonance (NMR), as a non-invasive and non-destructive characterization method.  
In this work, W/O/W emulsions were prepared in two steps. In a first step, the W1-phase was 
mixed with the oil phase, resulting in the primary W1/O emulsion. In the second step, the W1/O 
emulsion was mixed with the W2-phase, resulting in the W1/O/W2 emulsion. Therefore, both 
W/O and W/O/W emulsions were discussed. 
A central aspect of this thesis was the characterization of emulsions, whereby the inner water 
droplet size distribution and encapsulation efficiency of W/O and W/O/W emulsions are two 
important characteristics. Hereby, low-resolution NMR played a key role (Chapter 2). For 
determination of the water encapsulation efficiency of W/O/W emulsions, pfg-NMR 
diffusometry and T2 relaxometry were applied. T2 relaxometry relied on differences in water 
relaxation behavior in the internal and external compartment upon application of an external 
water soluble paramagnetic probe, such as manganese dichloride, whereas the pfg-NMR method 
enabled to discriminate between internal and external water based on differences in diffusion 
behavior. In addition, the measurement of restricted diffusion of the dispersed molecules due to 
droplet confinement enables the determination of the inner water droplet size distribution of W/O 
and W/O/W emulsions by pfg-NMR diffusometry. In Chapter 3 and 4, the optimization of data 
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acquisition and data analysis enabled the application of low-resolution pfg-NMR diffusometry 
and T2 relaxometry for emulsion characterization. As such, interfering effects were minimized, 
such as oil phase contribution, incomplete signal relaxation, signal overflow and water exchange 
through the oil layer. 
When aiming at the preparation of O/W emulsions with a maximally reduced caloric content 
using the W/O/W technology, a high water encapsulation efficiency of double emulsions is 
highly desired. It was shown that a high water yield was obtained using a primary W/O emulsion 
containing up to 50 wt% water. However, high intensity process conditions in the second 
emulsification step should be avoided as intense shear forces drastically reduced the 
encapsulation efficiency of the double emulsion (Chapter 5). 
It is known that the use of a primary W/O emulsion with smaller sized water droplets results in a 
higher water encapsulation efficiency of the W/O/W emulsion. The coarsening of the water 
droplet size of the primary emulsion was retarded and completely stopped upon addition of some 
milli-osmolar and some hundreds of milli-osmolar of hydrophilic compounds to the water phase, 
respectively (Chapter 9). When using a high melting soft palm mid fraction fat in the preparation 
of the primary W/O emulsion, the faster cooling rate resulted in a higher degree of water 
emulsification (Chapter 10). 
It is important to note that the oil layer of the W/O or W/O/W emulsion does not act as an 
impermeable boundary. Throughout this thesis, three situations were explored to gain 
information about the effect of oil phase permeability on the microscopic stability of the W/O and 
W/O/W emulsion during storage. In the first case, solutes were dissolved in the water phase for 
preparation of a W/O emulsion and W/O/W emulsion (with isotonic water phases). In the second 
case, different concentrations of solutes were dissolved in the water phases of the W/O/W 
emulsion in order to establish an osmotic pressure gradient over the oil layer. In the third case, no 
solutes were dissolved in the water phase of the W/O emulsion.  
• Regarding the first case, solutes were dissolved in the water phases with equal osmolarity 
for preparation of W/O and W/O/W emulsions. As such, the osmotic force counteracts the 
chemical potential difference between differently shaped compartments. Microscopically stable 
W/O and W/O/W emulsions were obtained during storage of at least 1 week at 5 °C, which was 
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evidenced from the storage-stable inner water droplet size (Chapter 9) and enclosed water volume 
fraction (Chapter 3) as measured by pfg-NMR diffusometry. Yet, water exchange through the oil 
layer was evidenced in these W/O and W/O/W emulsions using low-resolution and high-
resolution pfg-NMR diffusometry. For determination of the water droplet size of W/O and 
W/O/W emulsions by pfg-NMR diffusometry based on the Murday and Cotts approach (1968) it 
was assumed that the oil phase is quasi impermeable. Artefacts were detected when transport of 
water molecules through the oil phase occurred in W/O and W/O/W emulsions. An apparent 
increase in droplet size was found as molecular exchange became more pronounced. This effect 
became more obvious as the temperature was increased.  
Using low-resolution pfg-NMR (Chapter 7 and 8), the droplet size of the cooled emulsions 
measured after previous experiments at higher temperatures was comparable to the original non-
heated samples. Hence, it follows that the observed increase in droplet size with increasing values 
of the NMR diffusion delay value (∆ between 0.06 to 0.22 s) and measurement temperature was 
indeed due to water exchange rather than to a real increase in droplet size. The recorded data 
clearly indicated finite water diffusion through oil within the NMR time scale (i.e. seconds range).  
It is worth mentioning that the exchange of water and small water soluble ions through the oil 
layer of the W/O/W emulsion was also noticed by low-resolution NMR T2 relaxometry (Chapter 
3). The enclosed water volume fraction determination by T2 relaxometry requires the addition of 
a paramagnetic probe, such as manganese dichloride. Hereby, a minor water transport from the 
inner to the outer water phase restores the osmotic equilibrium of the W/O/W emulsion as 
prepared using isotonic water phases. Manganese cation permeability through the oil layer 
became evident as the enclosed water volume fraction apparently decreased during storage (in the 
days range). Hereby, an increased solid fat content did not guarantee slower exchange kinetics. 
Within the first 24 h upon addition of the paramagnetic probe, the Mn2+ repartitioning was 
negligible, whereas rapid distribution of water (in less than 3 minutes) through the oil layer over 
the W1 and W2-phase was detectable upon addition of Mn2+-spiked D2O-phase, on account of a 
decrease of the inner water signal upon replacement of H2O by D2O.  
Using high-resolution pfg-NMR diffusometry (Chapter 7 and 8), spectrally resolved diffusion 
signals of water and the enclosed water soluble marker tetramethylammonium chloride (TMACl) 
were measured, which enabled to evaluate the effect of water exchange in W/O and W/O/W 
emulsions on the accuracy of the droplet size as estimated using the marker signal. Hereby, the 
223 
 
CHAPTER 11 
 
water diffusion results approximated the true value (as derived from the TMACl diffusion) upon 
using small ∆ and a low measurement temperature. However, the results showed for the first time 
that these latter precautions could not completely rule out the effect of water exchange on the 
estimated particle size. An unavoidable small overestimation of the water droplet size was 
observed, in comparison to the results obtained from the marker diffusion data. A simple method 
based on Einstein’s diffusion law was presented, which could compensate the effect of 
extradroplet water diffusion. 
• In the second case, W/O/W emulsions were prepared using water phases with different 
osmotic pressure (Chapter 6). Rapid water migration is expected to restore the osmotic pressure 
difference. The subsequent microscopic stability of the emulsion during storage depends on the 
entropy-driven transport of solutes in the water phases. The change in enclosed water volume 
fraction was measured at small ∆ and a low measurement temperature using pfg-NMR 
diffusometry. As compared to W/O/W emulsions with isotonic water phases, the addition of 
more salt in the inner water phase resulted in a higher enclosed water volume fraction and 
slightly larger inner water droplet size (with cubic relation to the volume) as attributed to water 
migration from the outer to the inner water phase. During storage the enclosed water volume 
fraction gradually decreased following sodium chloride (and water) migration into the outer 
water phase. The addition of more salt in the outer water phase resulted in a smaller enclosed 
water volume fraction and slightly smaller inner water droplet size following water migration 
from the inner to the outer water phase. At that point, the characteristics remained constant during 
storage due to the newly balanced osmotic pressure of the water phases with approximately equal 
salt concentrations. 
In these emulsions, whey protein isolate was added to the water phase of the primary emulsion in 
the W/O/W emulsion and its release into the outer water phase was monitored using the UV/VIS 
spectrophotometric method as described by Schacterle and Pollack (1973). As compared to water, 
the transport kinetics of WPI varied much less in the emulsions under an osmotic pressure 
gradient. The divergence in behavior between water and WPI indicated that their release was not 
governed by a coalescence-mediated mechanism. It rather indicated the dependence on molar 
mass of the diffusion-controlled release of the investigated species. 
• In the third case, the W/O emulsion was made using deionized water, i.e. without the 
addition of solutes (Chapter 9). As such, the osmotic force is missing to counteract the chemical 
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potential difference amongst polydispersed droplets in the W/O emulsion, severely impacting the 
microscopic stability of the emulsion during storage. The increase of the mean droplet size during 
storage was measured by pfg-NMR diffusometry at small ∆ and a low measurement temperature, 
as well as by light microscopy. Hereby, the migration of water through the oil layer from smaller 
to larger droplets was thought to occur following Ostwald ripening. The droplet coarsening was 
more pronounced upon increase of storage temperature. 
 
 
11.2 Future perspectives 
This manuscript aims at contributing to the fundamental knowledge of the stability of 
W/O/W double emulsions. One of the principal findings of this study was that the oil layer of the 
W/O or W/O/W emulsion does not act as an impermeable boundary. Hereby, the oil layer 
consisted of a low-melting-point sunflower oil or high-melting-point soft palm mid fraction and 
the resulting emulsions were usually characterized at a low measurement temperature of 5 °C. At 
that temperature, the solid fat content of sunflower oil and soft PMF amounts to 0% and 79%, 
respectively. When using the W/O/W technology for encapsulation purposes, it might be 
interesting to investigate whether a completely solid fat can act like an impermeable shield 
against migration of water and small ions during storage of the double emulsion. Additionally, 
the effect of cooling rate on the oil layer permeability and emulsion characteristics can be studied. 
In that regard, other aspects of the W/O/W emulsion might be evaluated in terms of the effect on 
molecular migration, e.g. the oil/water interface and gelation of the water phase(s).  
Upon end-over-end rotation of double emulsions containing whey protein isolate in the 
inner water phase, a consistency change was observed during storage. Further experiments are 
required to elucidate the physicochemical changes that induced the viscosity change, as well as to 
explore any potential benefits. 
The ultimate goal would be the application of the collected information for preparation of 
a food grade W/O/W emulsion, either aiming at fat reduction or ingredient encapsulation. Both 
purposes require a multi-disciplinary study, including the here-in described emulsion 
characterization, as well as rheological and sensory studies. Hereby, an important aspect towards 
commercialization of food grade double emulsions concerns the use of emulsifiers. In 
comparison to simple emulsions, the stability of double emulsions is more difficult to maintain. 
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Whereas in cosmetic and pharmaceutical products, stability issues can be tackled by using high 
concentrations of emulsifiers, the incorporation of these additives is restricted by food law 
regulations. Moreover, the impact of the use of many emulsifiers and stabilizers on the 
consumer’s acceptance should be considered. 
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Unless immediate action is taken, alarming figures of overweight and obesity and their associated 
noncommunicable diseases are expected in a few decades. Since most food emulsions are 
characterized by a substantial fat content, fat reduction might contribute to the creation of healthy 
foods, as part of the multi-disciplinary prevention and treatment strategy for obesity. Fat 
reduction may be accomplished by replacing part of the oil of simple oil-in-water (O/W) 
emulsions by encapsulated water, leading to double emulsions (W/O/W). On the other hand, the 
W/O/W technology presents possibilities for encapsulation of water soluble as well as oil soluble 
health improving ingredients with limited stability or deviating taste, as well as for incorporation 
of a mix of non-compatible ingredients in a single product. However, a better fundamental 
understanding of the stability of W/O/W emulsions is essential in order to tackle the issues that 
hamper their commercial application. 
This research project starts with a literature overview of the preparation, characterization and 
stabilization of W/O/W emulsions, including possible transport mechanisms of species (Chapter 
1). 
In Chapter 2, the theoretical background is presented and evaluated of the use of low-resolution 
pfg-NMR diffusometry for determination of two important characteristics of both W/O and 
W/O/W emulsions using the Murday and Cotts procedure, i.e. the water droplet size distribution 
and enclosed water volume fraction. Simulations of diffusometry echo decay profiles indicated 
that the experimentally accessible minimum water droplet radius using the available NMR 
spectrometer equipment and settings amounts to 0.5 µm, whereas the maximum accessible radius 
amounts to at least 10 µm. The optimum number of freely adjustable parameters within the model 
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was evaluated in order to obtain physically plausible W/O/W parameters. In addition, the 
accuracy of the estimated values of the water droplet size and enclosed water volume fraction of 
W/O and W/O/W emulsions clearly depended on the effect of water exchange during the time 
frame of the analysis (i.e. the NMR diffusion delay time ∆). This theoretical chapter orchestrated 
the division of the experimental work to be discussed in the following chapters into two main 
parts.  
 
A first part focused on the encapsulation efficiency or yield of W/O/W emulsions, which 
is defined as the percentage of species originally present in the aqueous phase of the primary 
W/O emulsion that remains entrapped in the internal aqueous phase of the final W/O/W emulsion. 
In Chapter 3, the water encapsulation efficiency was expressed as the enclosed water volume 
fraction, which is the fraction of total water that is present as internal water droplets. The 
determination of the enclosed water volume fraction (EV) of both liquid oil and solid fat based 
double emulsions was critically compared for two low-resolution NMR methods. Whereas pfg-
NMR is more time consuming (i.e. measurement time of about 30 minutes using a single NMR 
diffusion delay ∆ value) and requires more complicated data analysis, T2 relaxometric 
measurements are faster (typically 3 minutes), less affected by experimental parameters, and 
relatively simple in data analysis. However, they require the addition of an external 
(paramagnetic) probe, such as manganese dichloride. Provided that data acquisition and data 
analysis were optimized to eliminate interfering effects, such as oil phase contribution, 
incomplete signal relaxation or exchange of water through the oil layer, both investigated NMR 
methods provided similar results. The two methods were used for investigation of the exchange 
kinetics in emulsion systems. More specifically, water exchange effects were reflected in 
apparently decreasing EV with increasing NMR diffusion delay ∆ (in the seconds range) as 
estimated by pfg-NMR diffusometry, albeit not significantly. Manganese cation exchange 
became evident by virtue of an apparent decrease of the estimated EV with increasing storage 
time (in the days range) as obtained by T2 relaxometry. A very rapid distribution of water (in less 
than 3 minutes) through the oil layer over the W1 and W2-phase was detected upon addition of 
Mn2+-spiked D2O-phase, on account of a decrease of the inner water signal upon replacement of 
H2O by D2O. In terms of Mn2+ repartitioning kinetics, (Mn2+-doped) double emulsions with 
different fat phases behaved differently, but an increased solid fat content did not guarantee 
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slower exchange kinetics. As an increase in temperature increases both the solubility and the 
diffusivity of water in the oil layer, the effect of measurement temperature was also investigated. 
Hereby, the T2 relaxometric EV determination seemed to be temperature insensitive within a 
broad temperature range. Regarding pfg-NMR, the measurement temperature did not play a 
significant role provided that there is no fat phase transition in the applied temperature range. 
In Chapter 4, data acquisition and data analysis were further optimized with regard to the effect 
of one specific instrumental NMR parameter, i.e. the NMR receiver gain, on the enclosed water 
volume fraction determination by the two low-resolution NMR methods developed in the 
previous chapter. Whereas data saturation caused an underestimation of the internal water 
fraction by T2 relaxometry, an overestimation was observed for NMR diffusometry. Although it 
is evident that data saturation should be avoided to conform to good NMR practice, still it is 
interesting to note that appropriate data extraction may enable to retrieve reliable information 
from clipped data registered. 
When using the W/O/W technology for fat reduction of O/W emulsions, a maximum enclosed 
water volume should be pursued. In Chapter 5, both low-resolution NMR methods were applied 
to investigate the effect of process conditions on the preparation of concentrated double 
emulsions. A concentrated double emulsion was prepared by using a W/O emulsion containing 
up to 50 wt% water, whereas phase inversion was observed at a higher water fraction as 
measured by pfg-NMR diffusometry. Increasing the homogenization duration as well as intensity 
significantly decreased the enclosed water volume fraction of the double emulsions as studied by 
T2 relaxometry, indicating that the internal water phase is shear sensitive.  
In order to compare the encapsulation efficiency and oil layer permeability for water as well as an 
enclosed solute, double emulsions were made containing whey protein isolate (WPI) in the inner 
water phase in Chapter 6. Whereas the enclosed water volume fraction was estimated by pfg-
NMR diffusometry, the protein release from the inner to the outer water phase was measured 
using the Schacterle and Pollack method (1973). The encapsulation efficiency of water and whey 
protein isolate were compared as a function of storage time and two release triggers. A first 
trigger was the storage temperature rise from 5 to 25 °C, because the solubility and diffusivity of 
compounds through the oil layer is known to be temperature sensitive. Without an osmotic 
pressure gradient between the water phases, no significant change of the retention of water or 
WPI during storage was recorded. Upon application of an osmotic pressure gradient between the 
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water phases (i.e. the second trigger), it was found that the water migration occurred at a much 
faster rate than the WPI migration, which indicated that the water release into the external water 
phase was not governed by a coalescence-mediated mechanism. It rather indicated the 
dependence on molar mass of the diffusion-controlled release of the investigated species. 
 
A second part of this work concerned the determination of the water droplet size 
distribution of W/O and W/O/W emulsions. This is an important aspect, since the production of a 
fine W/O emulsion in the first emulsification step enables the production of less coarse multiple 
droplets in the W/O/W emulsion.  
As simulated in Chapter 2, the accuracy of the particle size determination can be compromised by 
water exchange through the oil layer. The goal of Chapters 7 and 8 was to evaluate the accuracy 
of droplet size determination of the primary W/O and double W/O/W emulsions, respectively, 
based on experimentally obtained water diffusion NMR signals. The highly water soluble marker 
tetramethylammonium chloride was added to the water phase(s), of which the permeability 
through the oil phase is thought to be much lower as compared to water. High-resolution pfg-
NMR diffusometry enabled to record the separate diffusion behavior of water and the marker. 
The latter was expected to result in the real droplet size using the Murday and Cotts procedure, 
which was confirmed by a droplet size much less dependent on NMR diffusion delay time ∆ and 
measurement temperature, as compared to the values based on the water diffusion data. Using the 
water diffusion data, the artefacts resulting from extradroplet water diffusion were minimized by 
measuring at low ∆ and temperature. However, the results showed for the first time that these 
precautions could not completely rule out the effect of water exchange on the estimated particle 
size of W/O and W/O/W emulsions. An unavoidable overestimation of the water droplet size was 
observed, in comparison to the results obtained from the marker diffusion data. Using low-
resolution pfg-NMR diffusometry, extradroplet water diffusion was promoted in sodium 
caseinate stabilized W/O and W/O/W emulsions by increasing the NMR diffusion delay time ∆ 
and measurement temperature. Amongst all evaluated data analysis methods, the extradroplet 
water diffusion was best compensated by modeling the water exchange using Einstein’s diffusion 
law. 
Chapters 9 and 10 focused on the production of a fine W/O emulsion by varying important 
formulation parameters using various characterization methods. In Chapter 9, hydrophilic 
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species were added to the water phase and the effect on emulsion destabilization during storage 
was investigated using analytical photocentrifugation, microscopy and low-resolution pfg-NMR 
diffusometry. Droplet coarsening during storage was fast, intermediate or inhibited using pure 
water, a small concentration or a larger concentration of hydrophilic species, respectively. Hereby, 
the effect was more pronounced upon temperature increase from 5 to 20 °C. By modeling of the 
droplet size increase during storage and upon application of centrifugal forces, the increase was 
mainly attributed to Ostwald ripening. 
In Chapter 10, the W/O emulsions were made with a high melting fat phase. The effect of 
cooling rate on the microstructure was evaluated using low-resolution pfg-NMR diffusometry 
and various microscopic techniques. The slowly cooled W/O emulsions displayed a non-
emulsified water fraction, water droplet clusters and coarse fat crystal aggregates, whereas the 
fast cooled samples revealed the presence of detached water droplets and fine sized fat crystal 
aggregates.  
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Alarmerende cijfers van overgewicht, obesitas en de bijbehorende chronische ziekten worden 
verwacht in de volgende decennia. Aangezien de meeste emulsies voor voedingstoepassingen 
gekenmerkt worden door een aanzienlijk vetgehalte, kan vetreductie bijdragen tot het scheppen 
van gezondere voedingsmiddelen, dit als onderdeel van de multidisciplinaire preventie en 
behandelingsstrategie voor obesitas. Vetreductie kan worden bewerkstelligd door het vervangen 
van een deel van de olie in enkelvoudige olie-in-water (O/W) emulsies door water druppeltjes, 
dat resulteert in een dubbele emulsie (W/O/W). Anderzijds biedt deze W/O/W technologie 
mogelijkheden tot het encapsuleren van wateroplosbare en olie-oplosbare 
gezondheidsbevorderende ingrediënten met beperkte stabiliteit of afwijkende smaak. Eveneens 
laat deze techniek toe om een mengsel van niet-compatibele bestanddelen in één product te 
combineren. Echter, een beter fundamenteel inzicht inzake stabiliteit is nodig om de problemen 
aan te pakken die de commerciële toepassing van W/O/W emulsies belemmeren. 
Dit onderzoek begint met een literatuuroverzicht van de bereiding, de karakterisering en 
stabilisering van W/O/W emulsies, met inbegrip van mogelijke transportmechanismen van 
componenten in de emulsie (Hoofdstuk 1). 
Hoofdstuk 2 schetst en evalueert de theorie bij het gebruik van lage resolutie pfg-NMR 
diffusometry, en verwerking van de resulterende diffusie-echovervalprofielen met behulp van de 
Murday en Cotts procedure, voor de karakterisering van twee belangrijke kenmerken van W/O en 
W/O/W emulsies, nl. de waterdruppelgrootteverdeling en de fractie aan ingesloten water volume. 
Simulaties van diffusie-echovervalprofielen, gebruikmakende van de instellingen van de 
beschikbare NMR spectrometer, geven aan dat de experimenteel toegankelijk minimale en 
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maximale waterdruppelstraal 0.5 µm en tenminste 10 µm bedragen. Het optimale aantal van vrij 
aanpasbare parameters in het model werd geëvalueerd teneinde fysiek aannemelijke W/O/W 
parameters te verkrijgen. De nauwkeurigheid van de geschatte waarden van de 
waterdruppelgrootte en de fractie aan ingesloten water van W/O en W/O/W emulsies bleek 
duidelijk afhankelijk te zijn van de mate van wateruitwisseling gedurende de metingstijd (i.e. de 
NMR diffusielooptijd Δ). Dit theoretische hoofdstuk orkestreert de opdeling van het 
experimentele werk in de volgende hoofdstukken in twee delen. 
 
 Een eerste deel richt zich op de encapsuleringsefficiëntie van W/O/W emulsies, dat 
gedefinieerd wordt als het percentage aan oorspronkelijk geëncapsuleerde componenten in de 
waterfase van de enkelvoudige W/O emulsie dat behouden blijft in de interne waterfase van de 
dubbele W/O/W emulsie. In Hoofdstuk 3 werd de encapsuleringsefficiëntie van water uitgedrukt 
in de fractie aan ingesloten watervolume, i.e. de fractie van het totale water dat aanwezig is als 
interne waterdruppels. Twee lage resolutie NMR methoden werden aangewend en kritisch 
vergeleken voor de bepaling van de fractie aan ingesloten watervolume (EV) van dubbele 
emulsies, die bereid zijn met een vloeibare olie of een vast vet. Terwijl de pfg-NMR methode 
meer tijd in beslag neemt (d.w.z. een meettijd van ongeveer 30 minuten) en meer ingewikkelde 
dataverwerking vereist, zijn T2 relaxatiemetingen sneller in uitvoering (meestal 3 minuten), 
minder beïnvloed door experimentele parameters en is de gegevensanalyse betrekkelijk simpeler. 
Echter, T2 relaxatiemetingen vereisen de toevoeging van een externe (paramagnetische) merker, 
zoals mangaan dichloride. Mits optimalisatie van gegevensacquisitie en gegevensanalyse om 
storende effecten te elimineren (zoals signaalbijdrage door de oliefase, onvolledige 
signaalrelaxatie of uitwisseling van water door de olielaag), gaven beide onderzochte NMR 
methoden dezelfde resultaten. Beide methoden werden gebruikt voor onderzoek van de kinetiek 
van de uitwisseling van componenten in de emulsies. Gebruikmakende van pfg-NMR 
diffusometry, resulteerde de uitwisseling van water in schijnbaar afnemende EV-waarden met 
toenemende NMR diffusielooptijden Δ (hoewel niet significant). Met behulp van T2 relaxometry, 
kon de uitwisseling van mangaankationen afgeleid worden uit een schijnbare vermindering van 
de geschatte EV-waarden met toenemende bewaartijd (i.e. enkele dagen). Water daarentegen, 
werd zeer snel verspreid (in minder dan 3 minuten) door de olielaag over de W1 en W2-fase. Dit 
werd duidelijk na toevoeging van een D2O-fase, gemerkt met MnCl2, aan de dubbele emulsie, 
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waarop het signaal van het intern water snel afnam door vervanging van H2O door D2O. Met 
betrekking tot de kinetiek van de migratie van Mn2+, gedroegen de dubbele emulsies die bereid 
waren met verschillende vetfasen zich anders, maar een verhoogd vast vetgehalte leidde niet tot 
een langzamere uitwisselingskinetiek. Doordat een temperatuurstijging zowel de oplosbaarheid 
en diffusie van water in de olielaag verhoogt, werd het effect van de meetingstemperatuur 
onderzocht. Hierbij bleek de T2 relaxometry techniek voor de bepaling van de fractie aan 
ingesloten water vrijwel ongevoelig te zijn binnen een breed temperatuurbereik. Ten aanzien van 
pfg-NMR, speelde de meettemperatuur geen belangrijke rol, behalve als er een vetfasetransitie in 
het toegepaste temperatuurgebied plaatsgrijpt. 
In Hoofdstuk 4, werd de gegevensacquisitie en gegevensanalyse verder geoptimaliseerd door 
evaluatie van het effect van één specifieke instrumentele NMR parameter, nl. de NMR receiver 
gain, op de bepaling van de fractie aan ingesloten watervolume d.m.v. de eerder vermelde twee 
lage resolutie NMR methodes. Terwijl signaalverzadiging leidde tot een onderschatting van de 
interne water fractie door T2 relaxometry, werd een overschatting waargenomen d.m.v. NMR 
diffusometry. Hoewel het duidelijk is dat signaalverzadiging moet worden vermeden, is het toch 
interessant op te merken dat betrouwbare informatie kan verkregen worden via data-extractie na 
signaalverzadiging. 
Bij gebruik van de W/O/W technologie voor verminderen van het vetgehalte van O/W emulsies, 
kan gestreefd worden naar een maximum aan ingesloten water. In Hoofdstuk 5, werden beide 
lage resolutie NMR methoden toegepast om het effect van bereidingsparameters op 
geconcentreerde dubbele emulsies te onderzoeken. Een geconcentreerde dubbele emulsie werd 
bereid gebruikmakende van een W/O emulsie met 50 wt% water. Een hogere waterfractie 
resulteerde in fase-inversie, wat waargenomen kon worden met pfg-NMR diffusometry. Zowel de 
tijdsduur als de intensiteit van de homogenisatie tijdens de bereiding hadden een aanzienlijk 
effect op de fractie aan ingesloten watervolume van de dubbele emulsies, zoals bepaald met T2 
relaxometry. 
Om de encapsuleringsefficiëntie en olielaagpermeabiliteit voor water en een ingesloten opgeloste 
stof te vergelijken, werden dubbele emulsies gemaakt met wei-eiwitisolaat (WPI) in de interne 
waterfase (Hoofdstuk 6). Hierbij werd de fractie aan ingesloten watervolume geschat door pfg-
NMR diffusometry en werd de eiwitafgifte van de interne naar de externe waterfase gemeten met 
de Schacterle en Pollack (1973) methode. De encapsuleringsefficiëntie van water en WPI werden 
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vergeleken als functie van de bewaartijd en twee afgifte-stimuli. Een eerste stimulus was de 
stijging van de bewaartemperatuur van 5 naar 25 °C, omdat geweten is dat de oplosbaarheid en 
diffusie van componenten doorheen een olielaag temperatuurafhankelijk is. In de afwezigheid 
van een osmotisch drukverschil tussen de waterfasen werden er geen significante veranderingen 
gedetecteerd inzake vrijstelling van water of WPI. Bij toepassing van een osmotische 
drukgradiënt tussen de waterfasen (de tweede trigger), gebeurde de water migratie met een veel 
hogere snelheid dan de WPI migratie, waaruit bleek dat de afgifte van water in de uitwendige 
waterfase niet kon geregeld zijn door een coalescentie-gemedieerd mechanisme. Het wijst er 
eerder op dat het moleculair gewicht een bepalende rol speelt in de diffusie-gecontroleerde afgifte 
van de onderzochte componenten. 
 
Een tweede deel van dit werk betreft de bepaling van de waterdruppelgrootteverdeling 
van W/O en W/O/W emulsies. Dit is een belangrijk aspect, daar de productie van een fijne W/O 
emulsie in de eerste emulgeringsstap de productie toelaat van minder grove oliedruppels in de 
W/O/W emulsie. 
Zoals gesimuleerd in Hoofdstuk 2, werd de nauwkeurigheid van de bepaling van de 
deeltjesgrootte beïnvloed door wateruitwisseling doorheen de olielaag. Het doel van 
Hoofdstukken 7 en 8 was de nauwkeurigheid van de waterdruppelgroottebepaling d.m.v. 
diffusie NMR van de respectievelijk primaire W/O en dubbele W/O/W emulsies te evalueren. De 
zeer wateroplosbare merker tetramethylammonium chloride werd toegevoegd aan de waterfase 
(n), waarvan de permeabiliteit door de oliefase veel lager geacht wordt, in vergelijking met water. 
Hoge resolutie pfg-NMR diffusometry was nodig om de afzonderlijke diffusiesignalen van water 
en de merker op te meten. Van laatstgenoemde wordt verwacht te resulteren in de werkelijke 
druppelgrootte wanneer gebruik gemaakt wordt van de Murday en Cotts procedure. Dit werd 
bevestigd door een druppelgrootte die veel minder afhankelijk was van de NMR diffusielooptijd 
Δ en meettemperatuur, in vergelijking met de waarden die volgen uit de diffusiedata van water. 
De artefacten als gevolg van diffusie van water doorheen de druppelwand (zogenaamde 
extradruppelwaterdiffusie) konden geminimaliseerd worden door het meten bij lage Δ en 
temperatuur. De resultaten toonden voor de eerste keer aan dat deze voorzorgsmaatregelen niet 
volledig de invloed konden elimineren van wateruitwisseling op de geschatte deeltjesgrootte van 
W/O en W/O/W emulsies. Dit resulteerde in een onvermijdelijke overschatting van de 
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waterdruppelgrootte, ten opzichte van de resultaten verkregen uit de merkerdiffusiemeting. Met 
behulp van lage resolutie pfg-NMR diffusometry werd extradruppelwaterdiffusie bevorderd in 
natrium caseinaat gestabiliseerde W/O en W/O/W emulsies door het verhogen van de NMR 
diffusielooptijd Δ en temperatuur. Van alle geëvalueerde data-analyse methoden, werd de 
extradruppelwaterdiffusie het best gecompenseerd door het modelleren van de wateruitwisseling 
met behulp van de diffusiewet van Einstein. 
Hoofdstukken 9 en 10 richtten zich op de productie van een fijne W/O emulsie door belangrijke 
formuleringsparameters te evalueren met behulp van verschillende analysemethoden. In 
Hoofdstuk 9 werden hydrofiele componenten toegevoegd aan de waterfase en het effect op 
emulsiedestabilisatie tijdens bewaring werd onderzocht met analytische fotocentrifugatie, 
microscopie en lage resolutie pfg-NMR diffusometry. Druppelgroei tijdens bewaring was 
respectievelijk snel, intermediair of afgeremd voor puur water, water met een kleine concentratie 
of een grotere concentratie aan hydrofiele componenten. Hierbij was het effect meer uitgesproken 
na een temperatuurverhoging van 5 naar 20 °C. Door het modelleren van de druppelgroei tijdens 
bewaring en door toepassing van centrifugale krachten, werd de groei vooral toegeschreven aan 
Ostwald rijping. In Hoofdstuk 10 werden de W/O emulsies gemaakt met een vet met een hoog 
smeltpunt. Het effect van de koelsnelheid op de microstructuur werd geëvalueerd met behulp van 
een lage resolutie pfg-NMR diffusometry en diverse microscopische technieken. De langzaam 
afgekoeld W/O emulsies vertoonden een niet-geëmulgeerde waterfractie, waterdruppelclusters en 
grove vetkristalaggregaten, terwijl in de snel afgekoelde stalen de waterdruppels meer homogeen 
verspreid waren met fijnere vetkristalaggregaten. 
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